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The long and winding road 


German scientists must persevere in the stem-cell debate, despite the occasional setback. 


in Dusseldorf with terminal heart failure has been success- 

fully treated with adult stem cells from his own bone marrow. 
Although clinical researchers know that little can be learnt from a 
single case study, the result has already been unreasonably exploited 
by opponents of human embryonic stem-cell research. 

The finding was published in the September issue of a German- 
language medical journal (M. Brehm and B. E. Strauer Deut. Med. 
Wochenschr. 132, 1944-1948; 2007). Opponents of human embry- 
onic stem-cell research, such as Julia Kl6ckner, a Christian Democrat 
who chairs a stem-cell committee in the German parliament, leapt on 
the result, claiming that the clinical success of using adult stem cells 
renders research on embryonic stem cells less necessary than before. 
They make this point just as the parliament prepares to consider 
whether it should modify the country’s strict stem-cell laws. 

The majority of scientists agree that work on both adult and embry- 
onic sources of stem cells should run in parallel until much more is 
understood about their biology. But Germany is out of step with most 
European countries in permitting research only on human embryonic 
stem-cell lines that were created before January 2002, when regula- 
tions were first laid down. This situation has caused ambiguity in 
collaborative European Union (EU) research programmes: some 
partners can use new lines, but German participants could be put in 
jail if they did so themselves. 

The past year has seen a significant shift in attitudes, however. Last 
November, Germany’s main research-funding agency, the DFG, set 
the ball rolling, saying it believed that it was now time to eliminate 
the cut-off date. Respecting the moral dimension to which Germans 
are particularly sensitive, it did not suggest that German scientists 
should be allowed to derive their own embryonic stem-cell lines, as 
this involves destroying human embryos. 

Response to the DFG’s report has been broadly positive. A few 
months ago a majority in the National Ethics Council, which advises 


Te German media last week trumpeted the claim that a patient 


chancellor Angela Merkel on bioethics, supported bringing the cut- 
off date forward to 2007. This would allow Germans to use all the 
cell lines involved in current EU projects. A parliamentary hearing 
in May also indicated that politicians of various hues would support 
such a relaxation in the rules. There is “It will not always be 


even wider support for any breach of . : 
the regulations to be regarded as a civil, easy for the biologists 
working on the stem- 


rather than a criminal, matter. 

Scientists helped to prepare the cellissue in Germany 
ground for this shift in opinion by tg make their voices 
patiently and thoroughly discussing benuluincaee 2 
with politicians and others the complex Seerly eee 
scientific issues involved. But opponents of human embryonic stem- 
cell research have also stepped up their campaigns. They see the recent 
success with adult cells as a vindication. Yet on the basis of one patient's 
history, it isn’t even known if the recovery can be attributed to stem-cell 
therapy. Political leaders should be wary of taking such results at face 
value — especially when the stakes for human health are so high. 

The reception afforded the Dusseldorf patient has disillusioned 
some German scientists, who feel that their painstaking efforts to 
get their case across have been undermined and devalued. But they 
should continue to promote their position whenever they can — and 
should adapt their strategy to match the situation in which they find 
themselves. 

Public opinion is a fickle thing. It will not always be easy for the 
ad hoc group of biologists who have been working on the stem-cell 
issue in Germany to react to fast-moving events and make their voices 
clearly heard. There is no established national scientific academy in 
Germany to take the lead on the issue and the societies representing 
biologists have not quite been able to find their voice. Despite all this, 
researchers should persevere in their efforts to participate in — and, 
indeed, to lead — the stem-cell debate at every level. Eventually, their 
arguments will prevail. a 


Genome abuse 


Citizens are right to resist government pressure to 
expand population DNA databases. 


veillance, and are being used to justify it to the public, who too 

often seem asleep to the risks of abuse. This is particularly true 

of national DNA databases, where in several countries there is an 

insidious creep to log not only serious offenders but also other classes 
of the population, such as immigrants and minor offenders. 

So it was refreshing to see resistance articulated this month in 

France and the United Kingdom. Prominent French scientists led 


‘Tete crime and illegal immigration are fuelling state sur- 


public protests against a government bill to use DNA tests on immi- 
grants to see whether they are related to family members already 
resident in the country. Such protests might seem an overreaction. 
Many countries already practise DNA testing of immigrants, with 
varying rules for use. In 1985, the first use of DNA fingerprinting for 
legal purposes led to a Ghanian boy being allowed to join his family 
in the United Kingdom after he proved kinship (A. J. Jeffreys et al. 
Nature 317, 818-819; 1985). 

But the objectors are correct to argue that the French proposal, far 
from promoting greater fairness, is aimed at erecting another obstacle 
to immigration. The scientific opposition is also linked to a strong 
bioethical and legal tradition in France of the concept of the family as a 
social unit, not reduced to mere biological ties, reflecting the reality that 
(as in all countries) many children are not the biological offspring of 
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their legal father. Given this culture, there is no reason why only immi- 
grants with a biological link should qualify for integration with their 
families in France. Furthermore, DNA testing of immigrants elsewhere 
has destroyed families by uncovering true biological relationships. 

The scientists’ case has enjoyed public and political support, and has 
embarrassed the government, which sought to defuse the controversy 
last week by postponing a final decision to 2009. The outcry has also 
thrown an overdue spotlight on issues surrounding such population 
databases — issues being tackled in Britain, which has the world’s larg- 
est DNA fingerprint database. The National DNA Database contains 
samples of 4 million people or 6% of the population, and one in ten 
males. The Nuffield Council on Bioethics, in a landmark report this 
month, does a service by drawing attention to the dangers of proposals 
to expand the database (see http://tinyurl.com/2upt8x). 

There is a widespread misperception, encouraged by governments 
and media success stories, that DNA evidence is infallible in clinch- 
ing convictions or acquittals. The technology is sound, but errors 
or deliberate falsifications in sample taking and handling are not 
uncommon, and a match with a sample at the scene of a crime may 
amount to proof only that the person was present at some point. 

Since 2003, DNA samples and fingerprints have been compulsorily 
taken from Britons arrested for criminal offences. But the govern- 
ment now proposes extending the database to include fingerprints 


and DNA from anyone arrested, even for minor offences such as 
dropping litter. And voices within the UK government and the judi- 
ciary have suggested that the entire population should be sampled. 
The US government, meanwhile, is proposing to extend its database 
to include DNA from anyone arrested by federal agents. 

The Nuffield report is right to denounce the infringements on lib- 
erty and privacy represented by such extensions as being dispropor- 
tionate to any possible benefits. Suspicion of involvement in a minor 
offence cannot justify taking a biological sample without consent. 
In the United States, the largest group likely to be affected is illegal 
immigrants — and there is no reason to suspect this group of being 
more likely to engage in serious crime. 

DNA fingerprints themselves contain relatively little personal 
information, but the biological samples are open to misuse. Although 
supposedly limited to direct matching of individuals for crime cases, 
DNA data are already used for the much less scientifically robust 
practices of searching for family relatives of a crime’s perpetrator, and 
to try to reduce possible suspects to ethnic groups. 

History teaches us that it is a fallacy that only those without a clear 
conscience need fear a knock on the door at midnight. Governments’ 
enthusiasm for DNA databases needs to be matched by commensu- 
rate statutory protection, transparency and oversight — and vigilance 
by citizens. a 


Toxic alert 


A method of knocking out genes in mice needs 
more discrimination than many have recognized. 


gene in human physiology is to delete its equivalent from 

a mouse genome and to observe the effect. The use of one 
enzyme in particular, the recombinase ‘Cre; has revolutionized the 
study of gene function in mice. The technique allows researchers 
to introduce mutations and gene deletions in a tissue or cell type 
at any stage. 

Hundreds of studies using this technology have been published 
since it was introduced more than ten years ago, shedding light on 
areas such as important developmental processes and the role of 
numerous genes in, for example, the immune or nervous systems, 
or in various diseases. 

Briefly, it works by introducing the target DNA sequence used 
by the Cre enzyme, known as a JoxP site, to either end of the gene 
sequence in question. By subsequently introducing the Cre enzyme, 
the sequence is excised. Gene targeting can be regulated by control- 
ling where Cre is expressed or activated. 

But the technology is not without its pitfalls. A number of issues 
have been described in a recent overview (M. Schmidt-Supprian and 
K. Rajewsky Nature Immunol. 8, 665-668; 2007). Readers, authors 
and editors alike need to be alert to one particular problem: the 
potential toxicity of Cre expression to cells. 

The induction of cell death as a consequence of Cre activity, unre- 
lated to the targeting of any specific gene, is thought to occur when 


C) ne of the most common ways to investigate the role of a 
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Cre targets sites similar to JoxP that are present in genomic DNA, 
thereby inducing mis-recombination and DNA damage. Most mice 
strains in which Cre is expressed seem to develop normally and do 
not show any overt signs of Cre toxicity, and it is somewhat unclear 
exactly under what conditions it arises. It has been suggested to result 
from long-term expression of high levels of the enzyme. 

Regardless of the exact mechanism and circumstances, Cre toxic- 
ity is clearly a potential problem, yet in the view of some research- 
ers it has been neglected or played down in the community. In fact, 
one study has systematically analysed studies using a particular Cre 
mouse strain and found that in more than half of the cases the appro- 
priate control for potential Cre toxicity — the use of the same mice 
without the /oxP-flanked target gene — was not included (J.-Y. Lee 
et al. J. Biol. Chem. 281, 2649-2653; 2006). Nature is aware that it has 
in the past published papers in which such controls were lacking, 
although many will no doubt have been independently validated with 
other techniques at the time or subsequently. 

It can be argued that potential toxicity due to Cre expression 
becomes pertinent only when the observed phenotype resulting from 
gene targeting involves cell death, but the complexity of biological 
processes probably warrants attention to the issue in all experiments. 
Researchers planning experiments should take into account the need 
for additional mice as controls. Editors at Nature will consider the 
issue and the appropriate controls with referees during the assessment 
of submitted papers. 

No technology is without caveats, and — as the Nature Immunology 
article concludes — there will always be a degree of uncertainty with 
which researchers have to live. But in the interest of best scientific 
practice, everyone involved would be wise not to neglect the dangers 
and subtleties at play even in routine experiments. a 
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Electric lattices 


Nature Nanotechnol. doi:10.1038/nnano.2007.301 (2007) 

This picture shows regularly spaced nanostructures 

(to the left) creating pools of electrons (to the right). 

The ability to form patterns of electron density on 

a nanometre scale might be useful for catalysis or, 

perhaps one day, in building spintronics devices. 
Stéphane Pons and his colleagues at the CNRS 

basic-science agency and the University of Nancy 

in France began by evaporating atoms of silver and 


copper ina vacuum. As the atoms condensed onto a 
patterned gold surface, they settled into superlattices 


covering the whole sample. Scanning tunnelling 
spectroscopy revealed that the lattices localized 


electrons at periodically spaced sites at the surface. 


Shock strategy 


Cell 130, 1005-1018 (2007) 

A protein called heat shock factor 1 (HSF1) 
that helps cells to handle stress seems to have 
a sinister alter ego. The latest findings suggest 
that the protein aids tumour growth. 

Susan Lindquist of the Whitehead Institute 
for Biomedical Research in Cambridge, 
Massachusetts, and her colleagues studied 
mice that lack the Hsf1 gene. These mice 
developed fewer tumours when they had 
cancer-linked mutations or when they were 
exposed to carcinogens than did normal 
mice. HSF1 also aided human tumour cell 
growth in culture. 

The results have mixed therapeutic 
implications. They suggest that HSF1- 
inhibiting drugs could combat cancer. 

But HSF1-stimulating therapies are being 
explored as treatments for disorders 
including Parkinson's disease. Researchers 
will need to explore how each approach 
affects the problem targeted by the other. 


Quick release 


Nature Struct. Mol. Biol. doi:10.1038/nsmb1305 (2007) 
Test-tube models of a process that enables one 
nerve to transmit a signal to another do not 
accurately mimic what happens at living syn- 
apses, a study shows. 

Nerves transmit impulses to each other 
thanks to small packets of neurotransmitters, 
which wait just inside the nerve cell until an 
influx of calcium ions triggers them to fuse 
with the cell membrane and release their 
contents into the synapse. Reinhard Jahn and 
his colleagues at the Max Planck Institute 
for Biophysical Chemistry in Géttingen 
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studied how synaptotagmin, the vesicle 
protein that detects calcium ions, accelerates 
vesicle fusion. As well as resolving some 
questions about the mechanism, they found 
that experiments with artificial vesicles do 
not mimic synaptotagmin’s normal function 
owing to incorrectly structured complexes of 
proteins called SNAREs. 


Protective custody 


Proc. R. Soc. B doi :10.1098/rspb.2007.1028 (2007) 
The human menopause might have evolved to 
protect offspring from being orphaned by the 
death of an elderly mother or to allow children 
to benefit from the care of grandmothers — or 
to do a bit of both. A test of these theories, 
using population data from two villages in the 
; . T iP + 
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Gambia between 1950 and 1975, provides evi- 
dence that grandmothers might indeed have 
evolutionary importance. 

The Gambian data gave Daryl Shanley, 
from the Institute for Ageing and Health at 
Newcastle University, UK, and his colleagues 
a rare chance to study data from a natural 
cycle of birth and death, because the villages’ 
populations had little access to medical 
care at that time. By adjusting the age of 
menopause in a population model based on 
these data, the team showed that having a 
post-menopausal grandmother improved 
survival of the offspring. 


Handle with care 


J. Phys. Chem. B 111, 10897-10904 (2007) 

RDX is not acompound many would want 

to study. A powerful explosive used since the 
Second World War and favoured by several 
terrorist groups, RDX is apt to be detonated 
by shock. But why? Zbigniew Dreger 

and his colleagues at Washington State 
University in Pullman tried to find out. Their 
spectroscopic measurements of single RDX 
crystals subjected to shock waves show that 
the compression caused by the shock changes 
the crystal structure. They think this switch 
might predispose the material to chemical 
reactions, thereby initiating explosive 
decomposition. 


Chill out 


Phys. Rev. Lett. (in the press) 

Physicists hoping to see quantum mechanics 
affecting the motion of macroscopic objects 
have a new trick to try: a cooling technique 
reported by Kenton Brown and his colleagues 


LAB. PHYS. DES MATER./CNRS/NANCY UNIVERSITE 


D. SHANLEY 


at the National Institute of Standards and 


Technology in Boulder, Colorado. 


Rather than using light, as in standard 
laser cooling methods, the researchers damp 
a small cantilever’s vibrations through the 
electrical force between it and a nearby 
plate, which is connected to an electrical 
circuit that oscillates at radio frequencies. 
They reduced the cantilever’s temperature 
from room temperature to 45 kelvin, but say 
that the method could in principle cool the 
device enough for quantum effects to show. 
This is predicted to happen when the object’s 
thermal jitters are small. The technique might 


also improve the sensitivity of mechanical 


vibration and position sensors. 


GENETICS 


Dangerous repeats 
Hum. Mol. Genet. 16, 2326-2332 (2007) 


sequence and a 90-copy CGG repeat had 
normal eyes. The researchers propose that 
the two RNA transcripts bind to each other, 
prompting their degradation. The effect 
depends on a protein, Argonaute-2, that is 
required for the process of RNA interference. 


A neurodegenerative disease called Fragile 


X-associated tremor and ataxia syndrome 
may be treatable by targeting abnormal RNA, 


research suggests. 


The syndrome occurs in some people 
who have 60-200 copies of the nucleotide 
sequence CGG, which are transcribed into 
an RNA sequence that is thought to be toxic. 
Another disorder, called FRAXE, is caused by 
more than 200 repeats of the complementary 


sequence CCG. 


Juan Botas and David Nelson of Baylor 
College of Medicine in Houston, Texas, and 
their colleagues, showed that expression of 
just one 90-copy CCG repeat in Drosophila 
eyes was enough to cause ocular deformities. 
However, flies that expressed both this 
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David K. Campbell 
Boston University, USA 


A physicist highlights a three- 
in-one deal for nonlinear science 


Asa student of nonlinear 
phenomena, | am continually 
amazed by new examples of 
deterministic chaos, solitary waves 
and fractals. 

Arecent study (R. H. Goodman 
and R. Haberman Phys. Rev. Lett. 98, 
104103; 2007) gave me the rare 
pleasure of seeing all three of these 
fundamental manifestations of 
nonlinearity woven together. 

This paper addresses the 
collisions of solitary waves 
— localized nonlinear waves that 


PLANETARY SCIENCE 
Rivers of rock 


propagate without changing shape 
and are found in systems ranging 
from solids to optical fibres. 

Inthe 1980s, with several 
colleagues, | studied this problem 
numerically (see, for example, D. K. 
Campbell and M. Peyrard Physica D 
18, 47-53; 1986). We discovered a 
surprising ‘bounce’ phenomenon, in 
which solitary waves would collide, 
remain trapped for a number (n) of 
bounces and then escape to infinity. 
This behaviour occurred only when 
the waves had specific relative 
velocities on colliding; these bounce 
windows were interspersed with 
regions in which the waves repelled 
each other immediately. 

We developed a heuristic 
explanation for this behaviour, 
consistent with the waves behaving 


Science 317, 1709-1711 (2007) 

The fluid that flowed most recently through 
Athabasca Valles, the youngest of the ‘outflow 
channels on the surface of Mars, was lava and 
not water, according to data from the Mars 
Reconnaissance Orbiter. 

Windy Jaeger of the US Geological Survey, 
Flagstaff, Arizona, and her colleagues have 
identified features in photos taken by the 
orbiter’s unprecedentedly acute HiRISE 
camera that they can only explain in terms of 
volcanic flow. The researchers also say that 
surface features interpreted in 2005 as dust- 


RESEARCH HIGHLIGHTS 


covered pack ice on a frozen sea are instead a 
pooled portion of this lava flow. 

Those eager for evidence of water on 
Mars can take comfort in the fact that the 
distinctive ring-mound landforms (pictured 
left) spotted in these images were produced 
by outbursts of gas from below the lava flows. 
They presumably mark spots where ice or 
ground water in the rocks over which the lava 
flowed vaporized explosively. 


MARINE BIOLOGY 
Seaweed searches 


Proc. Natl Acad. Sci. USA doi:10.1073/ 


pnas.0704778104 (2007) 

The lush kelp forests that characterize some 
cold ocean waters have now been discovered 
in tropical locales. The finding overturns the 
prevailing hypothesis that tropical waters are 
too warm and nutrient deficient to support 


the large seaweeds. 

Michael Graham of Moss Landing 
Marine Laboratories in California, and his 
colleagues, used oceanographic data to 


like elastic 
particles 
that can be 
deformed, but fell 
short of developing a full 
analytical explanation. 

Goodman and Haberman have 
now developed an analytical 
treatment of this effect and have 
shown, in their words, “that 
clusters of (n+1)-bounce windows 
accumulate at the edges of each 
n-bounce window, repeated at 
diminishing scales” in an effective 
fractal structure. This also means 
that the outcome of a collision 
is exquisitely sensitive to the 
initial velocity, a hallmark of 
deterministic chaos. 

If all the above seems dry, take 
alook at the wonderful graphic 
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model kelp habitats. The model accurately 
located known kelp forests, but also predicted 
more than 23,500 square kilometres of 
potential kelp habitat in deep tropical regions 
where upwelling brings in nutrients and clear 
waters allow sufficient light to penetrate. The 
researchers then searched the waters near the 
tropical Galapagos Archipelago and found 
several new kelp forests, as predicted. 

These tropical kelp forests could provide 
unique biodiversity hotspots that may 
warrant inclusion in marine conservation 


programmes. 


(above) 
from the 
article, which 

represents the 
number of bounces 
as a function of the 
collision parameters. The 
image is certainly worth more 
than these few hundred words. 


Discuss these papers at http:// 
blogs.nature.com/nature/ 
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NASA/UNIV. ARIZONA/US GEOLOGICAL SURVEY 


PHYS. REV. LETT. 


NEWS 


Chemists poke holes in ozone theory 


As the world marks 20 years since the intro- 
duction of the Montreal Protocol to protect the 
ozone layer, Nature has learned of experimental 
data that threaten to shatter established theories 
of ozone chemistry. If the data are right, scien- 
tists will have to rethink their understanding 
of how ozone holes are formed and how that 
relates to climate change. 

Long-lived chloride compounds from 
anthropogenic emissions of chlorofluorocar- 
bons (CFCs) are the main cause of worrying 
seasonal ozone losses in both hemispheres. 
In 1985, researchers discovered a hole in 
the ozone layer above the Antarctic, after 
atmospheric chloride levels built up. 
The Montreal Protocol, agreed in 1987 
and ratified two years later, stopped _| 
the production and consumption of 
most ozone-destroying chemicals. But _ | 
many will linger on in the atmosphere 
for decades to come. How andonwhat 
timescales they will break down depend ¥ 
on the molecules’ ultraviolet absorption 
spectrum (the wavelength oflight a mole- 
cule can absorb), as the energy for the proc- 
ess comes from sunlight. Molecules break 
down and react at different speeds according 
to the wavelength available and the temperature, 
both of which are factored into the protocol. 

So Markus Rex, an atmosphere scientist 
at the Alfred Wegener Institute of Polar and 
Marine Research in Potsdam, Germany, did 
a double-take when he saw new data for the 
break-down rate of a crucial molecule, dichlo- 
rine peroxide (C1,O,). The rate of photolysis 
(light-activated splitting) of this molecule 
reported by chemists at NASA’s Jet Propul- 
sion Laboratory in Pasadena, California’, was 
extremely low in the wavelengths available 


CFCs =, 
Photolysis 
Ge Cl,0, 
=e 
O; clo 


Cl,O, is key to ozone (O,) depleting reactions 
such as this one, in which photolysis results in a 
chlorine radical (CI°) that reacts with O3. 
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in the 
strato- 
sphere — 
almost an order 
of magnitude lower 
than the currently accepted rate. 
“This must have far-reaching consequences,” 
Rex says. “If the measurements are correct 
we can basically no longer say we understand 
how ozone holes come into being.” What effect 
the results have on projections of the speed or 
extent of ozone depletion remains unclear. 
The rapid photolysis of Cl,O, is a key reac- 
tion in the chemical model of ozone destruc- 
tion developed 20 years ago’ (see graphic). If 
the rate is substantially lower than previously 
thought, then it would not be possible to create 
enough aggressive chlorine radicals to explain 
the observed ozone losses at high latitudes, says 
Rex. The extent of the discrepancy became 
apparent only when he incorporated the new 
photolysis rate into a chemical model of ozone 
depletion. The result was a shock: at least 60% 
of ozone destruction at the poles seems to be 
due to an unknown mechanism, Rex told a 
meeting of stratosphere researchers in Bremen, 
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The hole in the ozone layer 
(blue) over Antarctica 
results from 
chemicals such 
as CFCs. 


NASA/AP 


Germany, last 

week. 
Other groups have 
yet to confirm the new 
photolysis rate, but the conun- 
drum is already causing much debate and 
uncertainty in the ozone research community. 
“Our understanding of chloride chemistry has 
really been blown apart,’ says John Crowley, an 
ozone researcher at the Max Planck Institute of 
Chemistry in Mainz, Germany. 

“Until recently everything looked like it fitted 
nicely,’ agrees Neil Harris, an atmosphere scien- 
tist who heads the European Ozone Research 
Coordinating Unit at the University of Cam- 
bridge, UK. “Now suddenly it’s like a plank has 
been pulled out ofa bridge” 

The measurements at the Jet Propulsion 
Laboratory were overseen by Stanley Sander, 
a chemist who chairs a NASA panel for data 
evaluation. Every couple of years, the panel rec- 
ommends chemical kinetics and photochemi- 
cal data for use in atmosphere studies. Until the 
revised photolysis rate has been evaluated, which 
wont be before the end of next year, “modellers 
must make up their minds about what to do,” 


says Sander. One of the problems with checking 
the data is that the absorption spectra of chlo- 
ride compounds are technically challenging to 
determine. Sander’s group used a new technique 
to synthesize and purify Cl,O,. To avoid impuri- 
ties and exclude secondary reactions, the team 
trapped the molecule at low temperatures, then 
slowly warmed it up. 

“Reactions in experimental chambers are 
one thing — the free atmosphere is something 
else,” says Joe Farman, one of the scientists who 
first quantified the ozone hole over Antarctica’. 
“There’s no doubt that ozone disappears at up 
to 3% a day — whether or not we completely 
understand the chemistry.” But he adds that 
insufficient control of substances such as halon 
1301, used asa flame suppressor, and HCFC22, 
a refrigerant, is a bigger threat to the success of 
the Montreal Protocol than are models that don't 
match the observed losses. 


Hot topic 

Meanwhile, atmosphere researchers have started 
to think about how to reconcile observations of 
ozone depletion with the new chemical models. 
Several thermal reactions, or combinations of 
reactions, could fill the gap. Sander’s group has 
started to study possible candidates one by one 
— but so far without success. 

Rex thinks that a chemical pathway involv- 
ing a CL,O, isomer — a molecule with the same 
atoms but a different structure — might be at 
play. But even if the basic chemical model of 
ozone destruction is upheld, the temperature 
dependency of key reactions in the process 
could be very different — or even opposite — 
from thought. This could have dramatic conse- 
quences for the understanding oflinks between 
climate change and ozone loss, Rex says. 

The new measurements raise “intriguing 
questions’, but don’t compromise the Montreal 
Protocol as such, says John Pyle, an atmosphere 
researcher at the University of Cambridge. 
“Were starting to see the benefits of the proto- 
col, but we need to keep the pressure on” He says 
that he finds it “extremely hard to believe” that 
an unknown mechanism accounts for the bulk 
of observed ozone losses. 

Nothing currently suggests that the role of 
CFCs must be called into question, Rex stresses. 
“Overwhelming evidence still suggests that 
anthropogenic emissions of CFCs and halons 
are the reason for the ozone loss. But we would 
be on much firmer ground if we could write 
down the correct chemical reactions.” a 
Quirin Schiermeier 
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Pressure for environmental 


disclosure increases 


Companies are increasingly 
acknowledging the risks 
posed by global warming, 
suggest surveys released 
on 24 September. The latest 
Global Corporate Climate 
Change Report, released by 
the advocacy group Carbon 
Disclosure Project (CDP) at an 
event in New York headlined 
by former US President Bill 
Clinton, details disclosures of 
energy costs from more than 
1,300 companies around the 
world (see graphic). 

The London-based group 
of institutional investors is 
campaigning for the right of 
shareholders to probe the 
environmental policies of firms 
in which they invest. It argues 
that the possibility of real 
damages from global warming 
and the almost certain 
introduction of regulations 
penalizing emissions of carbon 
dioxide and other greenhouse 
gases mean that climate now 
poses a material liability to 
many companies that should 


be publicly disclosed. 

CDP is leveraging investor 
pressure to push for voluntary 
disclosure, but others have 
opted for brute force. New 
York Attorney General 
Andrew Cuomo issued 
subpoenas on 14 September 
for internal documents from 
five companies planning to 
build new coal-fired power 
plants, questioning whether 
they have fully disclosed the 
financial risks of increasing 
their greenhouse-gas 
emissions. Ceres, a coalition 
of environmentalists and 
investors, and Environmental 
Defense, a non-profit 
organization based in New 
York, followed up days later 
with a petition to the US 
Securities and Exchange 
Commission seeking to 
increase financial disclosure 
requirements on corporate 
exposure to ‘climate risk’. 

On Monday, Wal-Mart 
announced that it intends 
to ask its suppliers for the 
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energy costs involved in 
manufacturing seven of its 
product lines. The retail chain 
will then work with CDP to 
translate this information into 
greenhouse-gas emission 
figures. 

“It will be money 
coordinated through Wall 
Street that builds the energy- 
efficient economy of the 
twenty-first century,” says 
CDP head Paul Dickinson. 
“There are risks, but there are 
also big opportunities.” 

CDP asked firms to assess 
the risks — and opportunities 
— presented by global 
warming, and to describe 
any strategies being used 
to reduce greenhouse-gas 
emissions. The survey, signed 
by more than 300 institutional 
investors managing some 
US$41 trillion in assets, found 
that 76% of respondents 
reported implementation 
of a programme to reduce 
greenhouse-gas emissions, 
compared with 48% a year 
ago. The percentages of 
respondents who thought 
global warming posed an 
economic threat and of 
those who believed it offered 
opportunities were roughly 
equal, at 79% and 82%, 
respectively. 

This is the fifth annual report 
by CDP, and the statistics 
indicate some success: 77% 
of the world's 500 largest 
companies responded, 
compared with 47% in 2002. 
European firms led the way 
with 83% participating. North 
American firms gained some 
ground with a 74% response 
rate, compared with 66% 
last year. Among the large 
firms that did not respond 
were Apple Computer, Philips 
ElectronicsandGazprom. 
Jeff Tollefson 
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SIDELINES 


SCORECARD 


Emoticons 

These infuriating 

yet useful keystroke 
combinations have reached their 
silver jubilee. They were first 
used in 1982 by Carnegie Mellon 
University's Scott Fahlman, 

who proposed them as an aid to 
electronic communication :-) 


Conventional languages 
Meanwhile, 20% of the 
world's 7,000 languages 
are in danger of disappearing, 
with one going extinct every 

14 days on average :-( 


NUMBER CRUNCH 


10 is the number of strands of 
Ludwig van Beethoven's hair that 
have been used to create three 
diamonds, one 
of which is to be 
auctioned on 
eBay. 


0.56 is the 


number of 
carats of 
the gem 
on 

sale. 


é 


$500,000 is the amount it is 


expected to fetch — meaning that 
you'll need a modern rock star's 
fortune if you want to be the owner. 


ON THE RECORD 


“The International 
Space Station is an 
orbital turkey.>° 


Nobel-prizewinning particle 
physicist Steven Weinberg is 
less than impressed with the 
achievements of manned spaceflight. 


OVERHYPED 


Velociraptor 

Continuing the turkey theme, 
palaeontologists have announced 
that velociraptor — far from being 
fearsome or scaly — actually more 
closely resembled the traditional 
holiday poultry. Did Michael 
Crichton mislead us all? 


Sources: Associated Press, LA Times, 
Daily Telegraph, Space.com, Science 


The University of Cape Town has received the lion's share of research positions from the government. 


South African scheme 
lures in top talent 


CAPE TOWN 

South Africa’s mission to create a globally 
competitive national academy of sciences 
reached another milestone last week with 
the announcement of 51 new research chairs. 
The South African Research Chairs Initia- 
tive, launched by the government in Decem- 
ber 2006, aims to create 210 research chairs 
by 2010 in a range of disciplines from nano- 
photonics to dignity jurisprudence. 

The government hopes that the scheme will 
seduce foreign researchers to come to South 
Africa, as well as encourage the country’s top 
researchers to stay and expatriates to return. 
Two-thirds of the 72 appointments made so far 
are people already working in South Africa, but 
the eventual aim is for 60% of the appointments 
to come from abroad. To redress the balance, the 
next round of awards is likely to be confined to 
applicants from outside the country, says Robin 
Drennan of South Africa’s National Research 
Foundation, which administers the scheme. 

But Cheryl de la Rey, deputy vice-chancellor 
for research at the University of Cape Town, 
says that the selection process makes it difficult 
to attract overseas candidates. “It’s not easy to 
get people to move continents, and a problem 
with the current procedure is that it takes so 
long that some foreign-based candidates take 
up other offers. We must try to improve the 
turnaround time,’ she says. 

The National Research Foundation’s chief 
executive Mzamo Mangaliso says the selection 
process will be overhauled to speed it up without 
compromising quality. “We hope to empower 
our universities to recruit suitable candidates in 
a speedy and focused manner,’ he says. 

Although 14 of the country’s 22 universities 
have been awarded at least one chair, two-thirds 
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of the appointments are concentrated at three 
universities: the University of Cape Town, the 
University of the Witwatersrand in Johan- 
nesburg and the University of Stellenbosch. 
Piet Steyn, Stellenbosch’s director of research, 
says that this is unavoidable because a critical 
mass of researchers is needed as well as access 
to infrastructure such as experimental facilities 
and libraries — which are concentrated within 
relatively few regions of the country. The chairs, 
which will cost the state 170 million rand (US$24 
million) over the next five years, area very posi- 
tive and important intervention, Steyn says. 

So far, around two-thirds of the incum- 
bents are white, but the initiative aims to have 
60% of the places filled by black research- 
ers. One of the advantages of appointments 
from within the country, says de la Rey, is that 
universities are obliged, by the terms of the 
scheme, to fill the new chair-holder’s previous 
post. This can be done at a more junior level, 
where it is often easier to diversify in terms of 
ethnicity and gender, she says. 

Cancer biologist Iqbal Parker of the Uni- 
versity of Cape Town, who is director of the 
newly established International Centre for 
Genetic Engineering and Biotechnology 
there, is delighted with his new research chair. 
He and Frank Brombacher, another research- 
chair holder, will head up the centre's first two 
research programmes — on non-communi- 
cable diseases, which are increasing in Africa, 
and the immunology of infectious diseases, 
respectively. Parker says that the main advan- 
tage of the scheme is that the research-chair 
positions incorporate awards of studentships, 
postdoctoral fellowships and running expenses 
for five years. a 
Michael Cherry 
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King of the stem cells 


On 14 September, the California Institute for Regenerative Medicine (CIRM) appointed 
Australian biologist Alan Trounson as its new president. The CIRM has lacked a 
permanent director since neuroscientist Zach Hall departed in April, amidst rumours of 
tension between himself and Robert Klein, chair of the $3-billion agency's board. 


Why were you picked? 

I think the CIRM board was interested in my 
perspective of wanting to push very hard at 
the pipeline between discovery and clinical 
application. Iam more interested in getting 
discoveries through to the clinic than simply 
commercial operations or research for the 
sake of research. 


What's exciting you in the field? 

There are a lot of options that are brimming 
with potential. Mesenchymal [multipotent] 
stem cells are already in clinical trials. 
Embryonic stem cells (ESCs) 
are coming of age and !m 
interested in the clinical trials 
proposed by Geron, based in 
Menlo Park, California, and 
the University of California, 
Irvine. 


Does the CIRM need 

to recalibrate its vision 
because companies don't 
see ESC therapies as viable? 
Companies have been a bit 
too optimistic by looking 

for cures in very short 
timeframes. I'd rather the 


Alan Trounson wants stem-cell 


therapy clinically applied. 


than trying to take the whole system head 
on. I would not be inclined to [get involved 
in politics] again. It was hard going and 
stressful and clearly I didn't get it right every 
time, and I apologized for that. 


Do you think the CIRM's dual leadership 
structure could be awkward? 

Tve always worked in partnership with 
people. I worked with Carl Wood to 

deliver in vitro fertilization. I worked with 
David de Kretser to set up the Institute of 
Reproduction and Development at Monash 
University. All my life I've 
had partnerships with people 
who bring a different set 

of skills from my own. Bob 
Klein is incredibly good at 
what he does. He's persuasive, 
he has a tremendous 
memory and he’ got political 
connections. I don’t have 

any of that, so creating a 
partnership with Bob is 
exactly what should be done. 


Is giving up the lab 
difficult? 
That’s hard, but it’s time. I 


commercialization be a 
natural spin-off of the pipeline and that’s 
what I think will happen in California. 


Given the international expectations and 
local politics, what is possible at the CIRM? 
T’ve got to live with the current [CIRM] 
vision and maximize the efficiency of 
delivery of this medical opportunity to 
patients. I’ve got to link in with researchers 
in other US states, but we should treat this 

as a global exercise. California will lead it, 
because they've got such a lot of money and 
researchers. But if we incorporate our efforts, 
and minimize duplication and maximize 
output, this medical revolution will happen 
more quickly than we expected. 


What did you learn from your involvement 
in politics in Australia? 

Be very, very careful what you say. And 
utilize the politically astute people around 
you to get the message delivered, rather 


could get another paper in 
Nature or somewhere else, and that’s a thrill. 
But I’ve made my contribution in the lab. To 
have a chance to contribute at this level is 
very exciting. 


Why do you call this the best job in 

stem cells in the world? 

You're working with the best researchers, 
you've got an enormous amount of money 
and you've got political will and the people of 
California behind you. It's a huge challenge, 
but I think the resources are there to 
accommodate it. 


When will be the first stem-cell therapy? 
Isee it as a continuum. Adult stem cells are 
happening. Embryonic stem cells will come 
into use, and they won't be immediate cures 
for everything. You need drugs and protocols 
as well as the cells, and you've got to work 
with the immune system. a 
Interview by Erika Check Hayden. 
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Ape-like wrists suggest 
that Homo floresiensis was a 
distinct species. 


Dropping a line from space 


As Nature went to press, scientists were scram- 
bling to locate a small capsule from space now 
believed to be somewhere in Kazakhstan. The 
capsule is part of an ambitious experimen- 
tal space-mail delivery system that aimed to 
use a 30-kilometre-long satellite tether — the 
longest yet. In the early hours of 25 September, 
the ribbon from the satellite orbiting 300 kilo- 
metres above Earth was cut and the capsule 
parachuted to Earth, although off-target. 

The test forms part of the European Space 
Agency’s Foton-M3 mission, which set out on 
its 12-day Earth-orbiting science mission on 
14 September. Foton-M3 is carrying more than 
40 science experiments, including the tether 
test, called Young Engineers’ Satellite 2 (YES2), 
a €2.7-million (US$3.8-million) project 
involving more than 450 students. The idea was 
to demonstrate the feasibility of a cheap way 
of returning small objects to Earth from dis- 
tances similar to that of the International Space 
Station some 330 kilometres away. 

Delivering small payloads from low Earth 
orbits is not as easy as simply dropping them. 
“You don't want this object to spin around 
the Earth,” says Francesco Emma, head of the 
European Space Agency’s education office. 
The capsule, or any other payload, must slow 
down so that it can come out of its orbit. This 
can be done using a retro-rocket, but tethers 
are another way. “You can lower the capsule,” 
says Emma. “When it is released it doesn't have 
enough energy to spin.” 


YES2, a 6-kilogram capsule ined), was hung aa a satellite =i a tether before aes to Earth. 


The tether, just 0.6 millimetres thick, was 
made from a super-strong polyethylene fibre 
called Dyneema and weighed 5.5 kilograms. 
YES2 consisted of three parts: the 6-kilogram 
capsule, together with heat shield, that returned 
to Earth; a carrier that held the capsule in place; 
and a deployer, bolted to Foton-M3, that held 
both capsule and carrier and a spool of tether. 

The capsule was deployed in two stages — 
3.5 kilometres of tether was released at first. 
After the landing location was targeted, the idea 
was to reel out the rest of the tether. Once the 


pendulum-like tether and capsule had swung 
to the vertical, the tether would be cut, and 
the capsule would parachute to Earth in about 
30 minutes. But the rate of cable uncoiling 
was 5 metres per second, not 12 metres per 
second as planned, so the cable unwound only 
8.5 kilometres, Russian reports suggest — 
although this was still the first successful tether 
mission to Earth. A transmitter on the satellite 
should allow mission controllers to locate the 
capsule'’s landing site. 

Katharine Sanderson 


Stem- cell fraudster ’ is working in Thailand’ 


Disgraced South Korean cloning 
scientist Woo Suk Hwang has set 
up aresearch base in Thailand, 
according to reports from South 
Korea last week. Science-policy 
officials in Thailand say they are 
worried about the reports, as they 
knew nothing about this. 

Se Pil Park, a fertility expert 
at Cheju National University in 


South Korea, says Hwang and ten 
colleagues have gone to Thailand 

to carry out cloning experiments 
involving the transfer of human DNA 
into eggs from cows, pigs and other 
animals. The resulting embryos 
cannot produce viable offspring, 

but might result in embryonic stem- 
cell lines that could be cultured for 


Woo Suk Hwang is said to have moved 
to Thailand to continue cloning. 


research and for therapeutic use. 
In 2004, Hwang claimed to have 
produced embryonic stem cells by 
cloning human DNA using human 
eggs. But the data behind these 
claims were found to have been 


fabricated. Park would not disclose scientist Pradon Chatikavanij, 
details of the researcher's latest proposed regulations on animal 
work, nor where he was based. experimentation now before the main 

Hwang, who remains on trial for legislative body, the Council of State, 
fraud, embezzlement and violation might restrict interspecies cloning, 
of a bioethics law related to his although no decision on this has 
discredited experiments, lost his yet been made. Chatikavanij is the 
licence to do research with human former head of and now a consultant 
eggs. According to Park, Hwang for the National Research Council 
went to Thailand to carry out of Thailand, which is in charge of 
interspecies cloning because he drafting the regulations. 
thought he would face opposition Chatikavanij says the Thai 
from ethicists in his home country. government knows nothing 

In Thailand, human reproductive about any research being done by 
cloning was made illegal in 2002, Hwang in Thailand. “We should 
but there are currently no laws know what they are doing. We 
regulating therapeutic cloning are very concerned about what is 
involving human DNA orinterspecies happening,” he says. 
cloning. According to Thai veterinary David Cyranoski 
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Bacteria may be wiring up the soil 


Bacteria can sprout webs of electrical wiring 
that transform the soil into a geological 
battery, a team of researchers claims. Some 
soil bacteria form networks of tiny wires 
linking individual bacterial cells into a web-like 
electrical circuit, they report (D. Ntarlagiannis 
et al. Geophys. Res. Lett. 34, L17305; 2007). The 
wires allow the bacteria to get rid of electrons 
generated during metabolism, transporting 
them to distant ‘electron dumps: 

The earth beneath our feet might act as a 
gigantic circuit built by microbes to power 
their metabolic systems, suggests Yuri Gorby, 
a geochemist previously at the Pacific North- 
west National Laboratory in Richland, Wash- 
ington, and nowat the J. Craig Venter Institute 
in La Jolla, California. As the bacteria consume 
nutrients for energy, they spit out unwanted 
electrons into the circuit. 

Last year, Gorby and his colleagues discov- 
ered that Shewanella oneidensis bacteria can 
grow long filaments, just 100 nanometres (a 
hundred millionths of a millimetre) thick, 
which conduct electricity (Y. A. Gorby et al. 
Proc. Natl Acad. Sci. USA 103, 11358-11363; 
2006). The researchers presented evidence that 
the microbes use these ‘nanowires’ to shunt 
electrons produced during metabolic reac- 
tions onto the surface of mineral grains in the 
soil, to be taken up by metal ions. Without an 
electron acceptor, the bacteria cannot function 
properly and die. The researchers found that 
several other bacterial species also produce 
such nanowires. 

Oxygen molecules act as convenient electron 
dumps for bacteria that lie near the soil surface. 
But little air penetrates to some environments, 
such as deep lake sediments or 
waterlogged soils. Now, Gorby 
and his team think they have 
found evidence that the bacte- 
rial nanowires can link up into a 
network, conducting electrons 
to the aerated surface. The 
researchers filled plastic col- 
umns with wet sand infiltrated with a nutrient 
compound (lactate), and allowed S. oneidensis 
to grow in this ‘fake soil. Only the top of the 
column was in contact with air. 

Electrodes inserted at various heights up the 
columns revealed that, after about ten days, 
electrical charge was coursing up the column. 
Gorby’s team examined the sand under a micro- 
scope and found that it was threaded by a web 
of filaments between the bacterial cells. These 
are wires that provide the pathways for electron 
transport up to the surface, they suggest. 
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Connected: false-colour image showing bacterial cells apparently linked by filamentary ‘nanowires’. 


In contrast, when the team grew a colony of 
mutant cells that could spawn only very thin, 
frail and non-conducting filaments, the elec- 
trodes in the column remained uncharged. 

“This is a new aspect of microbiology,’ says 
Gorby. “I think we will find that it’s a dominant 
lifestyle for microbes to live in an electrically 
connected community.’ Sediment batter- 
ies, which power low-energy devices such as 

sensors, might unwittingly be 
exploiting these electric webs, 
he says. In these devices, elec- 
trodes are inserted into under- 
water sediments to pick up tiny 
currents generated by micro- 
bial activity. “Our work shows 
how these electrons are being 
mobilized; Gorby says. 

“Tf this idea is right, it is really quite remark- 
able,” says Kenneth Nealson, a geobiologist 
at the University of Southern California in 
Los Angeles, who collaborated with Gorby on 
last year’s discovery of microbial nanowires. 

But not everyone is persuaded by the claim. 
“T think many of us would like to believe that 
microbial communities may be hard-wired, 
because it is just such an attractive and fantas- 
tic notion,’ says Derek Lovley, a microbiologist 
at the University of Massachusetts at Amherst. 
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“But there is just no evidence for it.” He adds 
that most microbes in anaerobic environments 
don't need long-distance access to oxygen in 
order to get rid of the electrons generated when 
they break down organic matter. 

Besides, he says, the experiments don't show 
conclusively that the filaments are acting as 
wires, nor that this is what allows electrons 
to move through the system. He thinks the 
microbes probably shed electrons by releas- 
ing soluble electron shuttle molecules, not by 
passing them along nanowires. 

“It is well documented that Shewanella 
releases soluble molecules that act as electron 
shuttles,’ he says. “The difference between the 
wild-type and the mutant could be attributed 
to the mutants’ inability to react with a solu- 
ble electron shuttle. This is a more plausible 
explanation” 

Bruce Logan, a microbiologist at Pennsylva- 
nia State University in University Park, who has 
worked on microbe-driven sediment batteries, 
shares such reservations. “I believe they see 
nanowires, but I see no evidence that a long-dis- 
tance connection is established here,” he says. “It 
may be possible, but these data don't prove it” 

“There are clearly way more questions raised 
than answered at this point; Nealson admits. 
Philip Ball 
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Stem cells by any other name 


The tricky word ‘embryonic is to be 
removed from the name of the US Human 
Embryonic Stem Cell Registry, the National 
Institutes of Health announced last week. 

It will be renamed the Human Pluripotent 
Stem Cell Registry. 

The change results from an executive 
order issued by President George W. Bush 
after he vetoed legislation that would have 
lifted some restrictions on federal funding 
for human embryonic stem-cell research (see 
Nature doi:10.1038/news070618- 13; 2007). 
The order was widely viewed as an attempt to 
downplay the potential of human embryonic 
stem cells. Even its title is politically charged: 
“Expanding Approved Stem Cell Lines in 
Ethically Responsible Ways.” 

But Charis Thompson, a professor of 
rhetoric and a member of the Berkeley Stem 
Cell Center in California, says both sides 
play at that game: advocates of embryonic 
stem-cell research avoid using terms such as 


‘embryo’ and ‘cloning; she observes. “This 
kind of linguistic deflation of public anxiety 
is a hallmark of moving ahead in this field 
in the United States and will only intensify,’ 
Thompson says. 

Besides removing ‘embryonic from 
the names of the cell lines that can receive 
federal research funding 


—asinstructed in the executive “Pluripotency 
is anotoriously 
imprecise term.” 


order — the 18 September 
announcement sets out a 
strategy of awarding grants 
to create cell lines without the 
involvement of embryos, adding more funds 
to existing grants and “aggressively pursuing 
an assessment of the potential of alternative 
sources of pluripotent stem-cell lines”. 

This rankles with many scientists 
working to create pluripotent stem-cell 
lines, who say that such an assessment is 
not possible without research on newly 
derived embryonic stem-cell lines. “It’s not 


an alternative; these are complementary 
technologies,” says Rudolf Jaenisch at 

the Whitehead Institute in Cambridge, 
Massachusetts, who is working to 
reprogramme non-embryonic cells to be as 
flexible as embryonic stem cells. 

One problem is that pluripotency isa 
notoriously imprecise term. Not 
even human embryonic stem 
cells have been established as 
pluripotent, as researchers have 
yet to establish their ability to 
become all human cell types, says 
Glyn Stacey, head of the UK Stem Cell Bank 
in Hertfordshire, which handles stem-cell 
lines created from embryos as well as those 
derived from fetal and adult tissues. 

The first non-embryonic stem-cell lines 
could be added to the registry in the next 
few months. a 
Monya Baker 
See editorial, page 377. 
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Prospects power up for 
nuclear energy 


American energy utility NRG Energy is 
planning to build two reactors for nuclear 
power in Texas. Its application to the US 
Nuclear Regulatory Commission for 
permission to construct the reactors marks 
the first such request in the United States for 
three decades. 

Meanwhile, Italy is reversing a 20-year 
post-Chernobyl moratorium on nuclear 
fission research to participate in the 
scientific development of “Generation 
IV’ nuclear reactors. How exactly the 
country will contribute to the Generation 
IV research has not yet been revealed. The 
planned next generation of nuclear power 
plants is intended to improve nuclear safety 
and to minimize waste and natural-resource 
use compared with the current generation 
of plants. 


Europe plots course for 
funding navigation system 


The European Commission is launching a 
bid to save Galileo, the continent’s troubled 
satellite navigation system. It has asked the 
European Parliament to back its plan to 
foot the whole bill for the 30-satellite 
system. The cost would be some €3.4 billion 
(US$4.8 billion) over the next six years. 

Galileo would see Europe break free from 
its dependence on the US-based Global 
Positioning System (GPS). But the project 
suffered a serious setback earlier this year 
when a public-private deal to fund the 
system collapsed (see Nature 447, 765; 2007). 

If the commission manages to salvage 
Galileo, it would get the extra cash from 
surplus monies in the agricultural and 
administration budgets. Member states will 
take the first steps to making a decision on 
the proposals in early October. 

Meanwhile, President George W. Bush 
has announced that the United States 
will permanently leave the capability 


Up in the air: Europe's planned Galileo navigation 
system has yet to secure full funding. 


390 


Meteorite proves to be a hit in Peru 


Researchers are examining a 
17-metre-wide crater in southern 
Peru, looking for fragments of 
what is believed to be one of the 
largest meteorites to hit land 
in years. 

The meteorite apparently 
plummeted to Earth on 
15 September near the village of 
Carancas, west of Lake Titicaca 
on the Bolivian border. Scientists 
from Peru's Geological, Mining 
and Metallurgical Institute in 
Lima last week checked the crater 
(pictured), now filled with water, 


LA REPUBBLICA/AP 


for debris from the object they described as a chondrite or stony meteorite. 

People living near the impact complained of odd smells and illnesses, but some scientists 
speculated that the reported sickness may be group hysteria. They noted that objects that come 
from the sky have deep cultural significance to villagers. 


of distorting signals off any future GPS 
satellites. This feature was designed to give 
the US government a better working version 
of GPS than civilians, but has not been used 
since 2000. 


HIV vaccine failure 
prompts Merck to halt trial 


An HIV vaccine being developed by Merck 
has apparently failed, causing the company 
to halt a large and once-promising clinical 
trial last week. 

Merck’s STEP vaccine used a mixture 
of components from three weakened 
adenoviruses to carry three synthetically 
produced HIV genes. The hope was that 
each gene would stimulate an immune 
response against the virus, as earlier trials 
had suggested. 

The latest trial began in 2004 and enrolled 
3,000 people considered to be at high risk of 
infection. But a group of 741 volunteers who 
received the vaccine saw 24 HIV infections, 
compared with the control group of 762 
people who saw 21 infections. Furthermore, 
the vaccine did not reduce the amount of 
HIV in the bloodstream of those infected. 


FDA poised for broader 
powers over drugs on sale 


The US Congress last week passed a bill 
significantly increasing the powers of the 
Food and Drug Administration (FDA) to 
police the safety of marketed drugs (see 
Nature 446, 844-845; 2007). President 
George W. Bush is expected to sign the bill by 
30 September, when a current law expires. 
Under the new law, the FDA will for 
the first time be able to order companies 
to make label changes on marketed 
drugs; to run new clinical trials when 
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safety issues emerge; and to fine non- 
compliant companies up to $10 million. 

It also includes $225 million in new drug- 
company-paid user fees that the agency will 
spend on post-market drug safety. 

The bill requires the FDA to cut by 25% 
the number of waivers it grants to external 
experts with financial interests in matters 
on which they are advising the agency. Such 
waivers allow them to serve on committees 
that advise the agency on drug approvals, 
withdrawals and label changes — advice it 
almost always follows. 


California universities 
maintain tobacco habit 


Under a policy adopted last week, scientists 
at the University of California’s ten campuses 
can continue to accept research grants from 
tobacco firms. But new grants coming from 
the industry will undergo added scrutiny. 
The University of California’s governing 
board approved the policy on 20 September 
after several years of intense debate 
— spurred bya core of outraged scientists 
(see Nature 446, 242; 2007). Under the new 
policy, proposed tobacco-firm grants will 
undergo peer review by panels of scholars 
at each campus, where the chancellors will 
oversee the monitoring process. There will 
also be an annual report on all research 
funded by the tobacco industry, describing 
both submitted and approved projects. 
Last year, seven of the university’s 
campuses received a total of $16 million for 
23 projects, all funded by Philip Morris of 
Richmond, Virginia. 


Correction 

The Editorial ‘Epo, by any other name’ (Nature 
449, 259; 2007) incorrectly stated that the drug 
Cerezyme is produced by Genentech. It is, in fact, 
produced by Genzyme Therapeutics. 


Passing the test 


What role should the federal government have in pre-college science education? David Goldston looks at 
why the US Congress is acting now to help define that. 


n9 August, President George W. Bush 
() rather grudgingly signed into law 

the America Creating Opportuni- 
ties to Meaningfully Promote Excellence in 
Technology, Education and Science Act. The 
scientific community has tended to focus on 
provisions that authorize doubling the budgets 
for the National Science Foundation (NSB), the 
Department of Energy’s (DoE’s) science pro- 
grammes and the National Institute of Stand- 
ards and Technology. But most of the statute’s 
148 pages are devoted to creating new and 
expanded programmes in pre-college science 
and mathematics education. 

The focus on education should be wel- 
comed and cannot be taken for granted. Con- 
gressional enthusiasm for pre-college science 
education has waxed and waned over the years 
(see Nature 446, 714; 2007). A high point was 
the National Defense Education Act, passed in 
1958 in the wake of the Soviet Sputnik satellite 
mission, which inaugurated federal funding 
for the topic. 

But in the early years of the Reagan admin- 
istration, Congress eliminated the NSF’s pre- 
college education programmes in an effort to 
stem controversy over curricula and to rein in 
federal spending. That decision was reversed 
within a couple of years, but the programmes 
took some time to recover. About a decade 
later, Congress instructed the DoE to close 
down its pre-college education programmes, 
saying that they detracted from the agency’s 
primary missions. In 2001, science education 
seemed to be an after-thought when Congress 
passed the No Child Left Behind Act, which 
requires testing pupils to evaluate the quality of 
schools. And as recently as 2005, Congress set 
up an inter-agency panel with an eye to prun- 
ing federal programmes in the area, implying 
that there were too many and that they were 
inadequately coordinated and evaluated. 

So why has Congress now focused on sci- 
ence education? The most immediate cause of 
the turnaround was the Democratic takeover of 
Congress this year. Although plenty of Republi- 
cans in previous Congresses supported a revived 
federal role in pre-college science, the House 
Republican leadership blocked consideration 
of a competitiveness bill because vocal con- 
gressional conservatives and the White House 
opposed spending more and creating new pro- 
grammes. (The main power of party leadership 
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is its authority to schedule what comes before 
Congress for a vote.) But the longer-term change 
was aided by the willingness of business groups 
such as the Business Roundtable, which com- 
prises the chief executives of around 160 major 
companies, to put some of their clout behind 
lobbying for improving pre-college education. 
Now the question is whether enough has 
changed to make a difference. A law designed to 
bolster the NSF’s role in education was enacted 
in 2002, but funding for the programmes didn't 
follow. The good news this time is that Congress 
seems to be willing to put its money where its 
mouth is. Next year’s spending bills, for exam- 
ple, would provide the NSF’s education pro- 
grammes with their first real increase in four 
years — according to the American Association 
for the Advancement of Science. The Senate has 
the higher figure — $850 million for the fiscal 
year that starts 1 October. And the programmes 
would increase at a faster rate than the agency 
as a whole. (The president is threatening to veto 
most of the upcoming spending bills, claiming 
that they are too large, so it’s much too early to 
guess what will actually be signed into law.) 
But not all of the new Congress's attitudes 
towards science and maths education are 
entirely beneficial. For example, Congress 
might have gone too far in focusing almost 
exclusively on equity issues in education. 
There’s no question that the United States 
needs to target some of its education efforts 
towards schools in poorer school districts and 
under-represented minorities, especially as 
those groups become a larger proportion of the 
population. Federal programmes have an obli- 
gation to compensate for funding disparities in 
the nation’s locally based education system, and 
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indeed that’s what most of the Department of 
Education’s programmes are designed to do. 

But the new law targets almost all of its 
numerous programmes towards schools in 
poor areas. That seems to go too far. Better 
teaching and other ways to interest more stu- 
dents in science are needed in a wide range of 
schools. The federal government needs a port- 
folio of programmes that engage with the full 
range of school districts — an approach that 
could be hampered by the new statute. 

The new law does take a portfolio approach 
in one sense — it creates a dizzying array of 
sometimes overlapping programmes rather 
than setting priorities. That’s because the only 
way to get the law passed so quickly — seven 
months after the start of the session — was to 
include almost every programme sought by 
interested legislators. 

For example, the law authorizes at least four 
new pre-college programmes involving the 
national laboratories — pushed by Republican 
Senator Pete Domenici and Democratic Sena- 
tor Jeff Bingaman, who, unsurprisingly given 
their home turf of New Mexico, are advocates 
for the labs. Encouraging the labs to interact 
more with schools makes good sense. But is it 
a good use of DoE funds to help states establish 
or expand schools that specialize in maths and 
science education that would then work with 
the labs? Probably not. 

Interestingly, the DoE spending bills do not 
seem to set aside any money for education pro- 
grammes, although they could still be funded 
out of general appropriations for DoE science, 
which are slated to rise next year. 

As a whole, though, the new act is a plus for 
science education, especially given how uneasy 
Congress still feels about federal involvement in 
education 50 years after Sputnik. Back then, the 
National Defense Education Act opened with 
a statement that it was not intended to signal a 
federal takeover of education. And the new law 
explicitly states that the Department of Educa- 
tion “shall not endorse, approve or sanction any 
mathematics curriculum designed for use in 
any school” — even as it authorizes the depart- 
ment to fund projects designed to improve 
maths instruction in the neediest schools by 
using new instructional materials. a 
David Goldston is a visiting lecturer at 
Princeton University’s Woodrow Wilson School 
of Public and International Affairs. 
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Copycat consolidation 


As more blockbuster drugs come off patent, generic drugmakers face a changing landscape. 
Meredith Wadman looks at their strategies for survival. 


ne year ago, Mylan 
Laboratories was the 
world’s ninth-largest 


generic drugmaker, a thor- 
oughly American company 
with American clientele and 
American operations. 

Today, on the heels of two 
major acquisitions, the Pennsyl- 
vania-based company has vaulted 
into the ranks of the top three 
global generics players. In Janu- 
ary, Mylan bought a controlling 
interest in Matrix Laboratories, 
an Indian company that makes 
a huge range of the active ingre- 
dients in generic drugs. Then in 
May it agreed to spend a cool 


told a conference of the Generic 
Pharmaceuticals Association in 
Washington DC this month. “It’s 
obvious that you have to launch 
it into all the key markets in the 
world” And since some of those 
markets — in countries such as 
Italy, Spain and France — aren't yet 
as well penetrated as the United 
States, the impetus to get bigger 
and more global makes mergers 
an obvious strategy. 

Still, some, including Wess- 
man, say that the merger mania 
is driving companies to overpay 
for acquisitions: he fingers both 
the Mylan—Merck and Barr-Pliva 
price tags as too high — but then, 


US$6.7 billion to buy the gener- 

ics division of Germany’s Merck KGaA, which 
sells copycat pills in more than 90 countries. 
Once the deal closes on 1 October, Mylan will 
become the world’s third-largest generics maker 
by sales, after Teva Pharmaceutical Industries 
in Israel, and Sandoz, the generic unit of Swiss 
brand-name drugmaker Novartis. 

In the process, Mylan will have built for itself 
“one of the most global platforms there is,” says 
Tommy Erdei, executive director of the global 
health-care group at UBS Investment Bank 
in London. “This is the kind of structure that 
the generic pharmaceutical industry is going 
towards.” 

Indeed, seven major mergers in the past two 
years alone have marked a wave of consolida- 
tion in the generics industry 
— companies that make and 
sell cheaper copies of off-patent 
pills. That wave is reshaping the 
industry as a highly competitive 
battleground with scores of Davids, a handful 
of emerging Goliaths and numerous mid-sized 
companies caught in between. 


Going global 

Last year, Teva's acquisition of Ivax in Florida 
created an uncontested global leader that now 
controls 20% of the US generics business. Last 
October, Barr Pharmaceuticals in New York 
shelled out $2.5 billion for the Croatian gener- 
ics maker Pliva in Zagreb, giving it instant 
access to sales outlets in 30 countries — and 
to Pliva’s low-cost manufacturing facilities 
in Croatia and Poland. Meanwhile, Actavis, 


“You have to launch 
anew product into all 
the key markets.” 


which a decade ago was an obscure Icelandic 
company, has acquired more than 25 compa- 
nies in seven years, in the process extending, 
amoeba-like, into 40 countries — and becom- 
ing the sixth-place global player last year. 

Even before the acquisitions by Barr and 
Mylan, the wave of consolidation had had a pal- 
pable effect in the United States. Last Decem- 
ber, the top four generics companies controlled 
56% of the market, compared with 35% ten 
years ago, according to the industry informa- 
tion firm IMS Health in Connecticut. And it’s 
a bigger pie they're controlling: a groundswell 
of patent expirations has pushed up the generic 
share of prescriptions in the United States from 
47% to 63% since 2000. 

Driving the consolidation is 
the major players’ desire to have 
a global presence in an industry 
in which the competition has 
become brutal. In the United 
States, it’s not uncommon for 15-20 compa- 
nies to start marketing generic versions of a 
drug once patent protection has expired. Many 
of them are small players, scrabbling for tiny 
slices of a market dominated by Teva and other 
giants. But because they’re small, they're often 
willing to slash prices to recoup their invest- 
ment, driving prices down much further and 
faster than the major players would do ifleft to 
their own devices. 

“To compensate for all the price erosions and 
to keep growing, it’s not sufficient to launch [a 
new product] in two or three countries,” Rob- 
ert Wessman, the chief executive of Actavis, 
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he was outbid by Barr in the chase 
for Pliva. Bruce Downey, Barr’s chief execu- 
tive, says he has no regrets. “We got great value 
because of all the assets we acquired in the 
acquisition,” he says. “I would do it again” 


A fast-moving industry 

Not to be left behind, some Indian companies 
are turning the tables and acquiring US mak- 
ers of generic drugs. “Indian players are really 
building up a presence in the United States,” 
says Doug Long, vice-president of industry 
relations at IMS Health. For instance, Mumbai- 
based Wockhardt, already the largest Indian 
player in Europe, was last week reported to be 
bidding for one of the companies bidding for 
New Jersey-based Par Pharmaceutical. Others 
are going global: consider, for example, the 
Indian firm Ranbaxy Laboratories, which 
acquired generics companies in Italy, Romania 
and Belgium all in one week early last year. 

So will the natural selection of the business 
world leave only a few generic giants standing 
in 10 or 15 years time? “That’s what a lot of 
people believe,’ says Long. 

Erdei reckons that small players in highly 
targeted niche markets such as oncology and 
dermatology will survive. “The middle is the 
group we're most worried about,’ he says, 
because they're too big to make a niche strategy 
work for them but too small to compete with 
the likes of Teva and Mylan. These middle com- 
panies need to think about how to transform 
themselves into Goliaths, he says: “Because if 
they don't do it proactively, someone else will 
do it for them? a 
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Can a stage spectacular based ona TV documentary bring science to life and please the punters too? 
Brendan Maher joins a palaeontologist to watch the dinosaurs walk. 


s the seating in the arena slowly fills 

up the children can’t hide their giddy 

anticipation. Neither can Ken Lacov- 

ara, chattering away about dinosaurs 
and digs. Admittedly, he has a soul patch on 
his chin, a beer and a couple of graduate stu- 
dents, which marks him out from the majority 
of enthusiasts here to see Walking with Dino- 
saurs: The Live Experience. But there's no mis- 
taking the kinship between the professor of 
geology and palaeontology from Drexel Uni- 
versity, Philadelphia, and the children around 
him. “Everybody I know in the field wanted to 
do this since they were very young,” he says, 
looking around. “You never know what future 
scientists might be in the audience.” 

The stage show now touring America 
— watched by Nature and Lacovara at Phila- 
delphia’s Wachovia Spectrum sports arena in 
August — was inspired by the BBC documen- 
tary series, which, according to Lacovara, set 
a gold standard for edutainment (see ‘Origin 
of a Species’). Using computer animation, 
animatronics and the authoritative tones of 
the actor Kenneth Branagh, the series told 
the tale of the dinosaurs’ 160-million-year 


lease on Earth. The programme was stunning 
to watch yet stuck close enough to scientific 
understanding not to upset an expert. At least, 
not Lacovara. The $20-million stage show 
has a lot to live up to, and Lacovara’s excite- 
ment — especially over the prospect of a fully 
fleshed-out brachiosaurus — is tinged with 
scepticism. How well can a theatrical presen- 
tation relay natural history? Will 
spectacle triumph at the expense 
of information? 

The house lights dim and a 
booming voice reminds the crowd 
that, as cell phones and pagers 
didn’t exist 65 million years ago, 
they should be turned off. Score 
one for realism. “Huxley; a palae- 
ontological P. T. Barnum strides 
on to the stage to serve as our guide and scale 
bar. He bends down by a nest from which 
plateosaurus hatchlings emerge, in the form 
of squirming green hand-puppets. The eggs, 
Lacovara notes, aren't shaped quite right — too 
“chickeny” — but his criticism is cut short by 
lilliensternus. A two-metre-tall carnivore 
enters the arena. Actually, it’s a suit worn by an 
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actor with the mettle to carry 40 kilograms of 
foam, lycra and animatronics on his back and 
yet still look nimble. Once you learn to ignore 
the craftily camouflaged extra set of human 
legs, it’s pretty convincing. 

In the interest of conflict, a full-grown 
plateosaurus appears next, eager to defend its 
babies. This large dinosaur is a puppet, oper- 

ated by three people. One drives a 
slim car camouflaged beneath the 
dinosaur; two others are in a con- 
trol room moving its neck, tail, 
jaws and the like by manipulat- 
ing a smaller version, evocatively 
known as a voodoo rig. Prosau- 
ropod and predator settle into a 
carefully choreographed stand- 
off. The slow, deliberate tempo 
is the result of much trial and error, Matthew 
McCoy, the head of puppetry, later explains. 
McCoy tells the tale of a tragic show in Sydney, 
Australia, in which Tyrannosaurus rex’s head 
fell off after a tight turn at high speed. The 
audience was sympathetic, he says with some 
gratitude, but the troupe learned its lesson. 
In addition to slowing down the action in 
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Origin of a species 


Would you expect to see your first dinosaur 
onadig, inamuseum — or at acocktail party? 
In 2003, William May, the artistic director 

of the stage show Walking with Dinosaurs: 

The Live Experience, invited a collection 

of socialites and friends to his workshop, 
Number 12, Elizabeth Street, Kensington, 
Melbourne, Australia, a converted wool 
warehouse and tannery decorated with trolls, 
fairies and other larger-than-life puppets 
from May's theatrical exploits. As they were 
sipping wine and nibbling canapés, a14- 
metre Tyrannosaurus rex burst in. Fashioned 
from a mechanical crane with garden-hose 
ribs and Lycra skin, the first prototype for the 
show now touring America debuted in style. 

When the BBC first approached May 

and his business partner Malcolm Cooke 
earlier that year with the challenge of 
creating a stage version of its acclaimed TV 
documentary, May knew that no cartoonish 
facsimiles would do. The only way forward 
was to use full-scale models, a technical 
challenge that launched him into two years 

of research. From the size, balance and gait to 
the skin, teeth and eyes, everything had to be 
not only as technically accurate as possible, 
but absolutely stunning to the audience. “Can 
you bring dinosaurs back to life in the most 
realistic form that could tour the world, beat 
the most cynical child, beat the scientist, beat 
the reviewers? It's like going to the Moon.” 

Brooklyn-born May says he’s always lived 

by the motto that he could make anything 
happen if he put his mind to it. Practising 
ballet in secret in his bedroom as a child, 

he grew to become one of the youngest 
producers of musicals on Broadway. There, 
he learned to bring imagination to life through 
puppetry and animatronics. 

Dealing with scientists was a change of 
pace, he says. “| love 
science. You get 
to meet the most 
brilliant minds.” But 
as the dinosaur's 
drinks-party debut 
demonstrated, he’s 
ashowman at heart. 

“The future of theatre won't come from song 
and dance but from pushing boundaries. 
Audiences are very discerning now; they 
play computer games and watch movies 
with computer-generated imagery. This isn't 
a film, or a trick, this is an emotional, real 
experience.” 

Julie Clayton and Ruth Francis 


Listen to William May and Ken Lacovara 


discuss dinosaurs on this week's Nature 
podcast (www.nature.com/podcast) 


396 


NATURE|Vol 449|27 September 2007 


Head to head: palaeontologist Ken Lacovara in a montage with dinosaurs used in the peformance. 


later shows, the team built a spare T. rex. With 
15 dinosaurs taking the stage every night, losing 
one wouldn't necessarily stop the show, but turn- 
ing up in front of hundreds of children without 
a working T: rex just doesn't cut it. “We might as 
well just go home,’ says McCoy. There are con- 
tingency plans for other disasters, too. Had lil- 
liensternus been toppled by plateosaurus’s heavy 
whiplike tail, for example, he would have needed 
help getting back up. That, says 
McCoy, is when they send in the 
dinosaur clowns. 

No disasters strike in Phila- 
delphia. After several minutes 
of a mock battle and trotting 
about, lilliensternus and plateo- 
saurus dutifully leave the stage, 
and Huxley eases the crowd 
through geological time into the Jurassic 
period. Bright inflatable plants explode around 
the stage. Lacovara gleefully elbows one of his 
students; he thinks giving a round of applause to 
the Jurassic just for starting is pretty amusing. 

With the Jurassic period come the brachio- 
saurs. The young one is perhaps two storeys 
tall; the adult, more than ten metres. They 
make an impressive pair as they stretch their 
long necks deep into the stands, delighting the 
audience. As one of them almost lays its head 
in Lacovara’s lap, he notes that a full-grown 
adult would have been a bit taller, but he’s still 
impressed. The palaeontologist on stage rattles 
off statistics about the beast, which may have 
weighed as much as 40 tonnes. The expert in 
the stands notes, with a mischievous grin, that 
the titanosaur his group is excavating in Pat- 
agonia weighed 60. 

But despite a little professional one-upman- 
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ship, Lacovara likes the show. During the 
intermission, he confers with his students, 
who agree that it doesn't pull any educational 
punches. “It’s just packed full of content,” 
Lacovara says, noting that it introduces con- 
cepts such as deep time, plate tectonics, cli- 
mate change and evolution: all ingredients, 
he says, that presented too dryly would spell 
certain death. 

This concept brings us 
ineluctably to the show’s 
finale. In the climactic Late 
Cretaceous, rife with volcanic 
drama (cue the light show), 
a T: rex mother and son take 
the stage triumphantly. After 
some play-fighting with anky- 
losaurus and torosaurus, they 

turn their attentions to the crowd. While baby 
rex, another actor in a heavy dino suit, mugs 
for the crowd, mum is scaring the life out of 
them. A blonde boy just behind Lacovara 
chats nervously with his father about the seat- 
ing arrangementas the T: rex approaches. “No 
Daddy, don't tell him I’m here.” 

A bright strobe with booming audio repre- 
sents the extraterrestrial coup de grace at the 
end of the Cretaceous. The dinos exit, the plants 
deflate, and bows are taken. The crowd drains 
from the Spectrum, and the children are laden 
with bright and blinking palaeoparaphernalia. 
After three more shows, the crew will pack its 
27 truckloads of equipment and move on to the 
next stop. Lacovara is beaming, satisfied with 
the production's portrayal of the work he does. 
Dinosaurs, he says, are “a gateway drug for the 
sciences”. A lot of kids scored tonight. 
Brendan Maher is a features editor at Nature. 
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Riding on the roof of the world 


China's railway to Tibet is an engineering marvel or an environmental menace — or perhaps both. 


Jane Qiu takes a ride to find out. 


tis a glorious, crispy cold summer morning 
on the Qinghai-Tibet plateau, and already 
my lips are turning purple. At more than 
4,500 metres above sea level, the air is thin 
and I can feel a light headache coming on. In 
front of me a pair of rail tracks stretch into the 
distance, looking as thin as silver threads as they 
negotiate a landscape filled by expansive gla- 
ciers and mountains with needle-sharp peaks. 

The rattling sound of an approaching train 
jolts me to alertness and in no time it roars past 
us at 100 kilometres an hour, passengers wav- 
ing gleefully from its windows. I’m painfully 
aware that the pressurized air behind those 
windows offers a great deal more oxygen than 
the stuffI'm breathing in the open air. “You will 
be fine” my Tibetan host, Tsega, pronounces 
after inspecting me up and down a few times. I 
feel obliged to trust his judgement. 

The railway in front of me is the world’s high- 
est, and is a 1,142-kilometre stretch that con- 
nects Golmud, in China’s Qinghai province, 
with Lhasa, capital of the Tibet Autonomous 
Region. It is also widely regarded as one of the 
great engineering achievements of the world. 
Its course crosses four mountain chains and five 
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major rivers — with nearly all of it more than 
4,000 metres above sea level. Successive Chi- 
nese governments, keen to tighten their grip on 
Tibet, have dreamed of such a railway for nearly 
half a century, and more than 20,000 workers 
laboured for 5 years to complete the project ata 
cost of 33 billion yuan (about US$4 billion). 
Now, more than a year after it opened, the 
railway remains a source 
of bitter controversy. Sup- 
porters say the scheme will 
bring major opportunities 
to China’s underdevel- 
oped west. Critics fear 
that China will use it to 
assert control over a con- 
tested border region, and 
to exploit its natural resources. The railway’s 
long-term impacts on the plateau — direct 
and indirect — remain unknown, and I have 
embarked on a journey between Golmud and 
Lhasa — sometimes on the train, sometimes 
off it — to seek answers. The trip reveals how 
well the engineering is standing up after a year’s 
worth of exposure to the harsh seasons; how 
the attempts to minimize its environmental 
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“It would be very dangerous 
if passengers were exposed 
to the harsh conditions of 
the Qinghai-Tibet plateau.” 
— Wang Lanming 


effects have fared; and what the railway means 
to ordinary Tibetans. 


Earthquakes and permafrost 
Tsega, who runs the Kekexili nature reserve 
from the office in Golmud, has kindly agreed 
to take me along on one of his regular surveil- 
lance trips to the reserve. After driving for 
100 kilometres, we 
approach the gigantic Kun- 
lun fault, a 430-kilometre 
surface rupture, ripped 
open by a magnitude-8.1 
earthquake’ on 14 Novem- 
ber 2001. The scar from 
that quake is clearly visible 
in the landscape, and sends 
a shiver down my spine as we drive across it. 
The earthquake didn't cause much dam- 
age to the railway because construction had 
just started, says Wang Lanming, director of 
the Lanzhou Institute of Seismology, China 
Earthquake Administration, in Gansu prov- 
ince. “But it was certainly a wake-up call for 
those of us involved in advising the engineers 
of the region’s seismic activity,” he adds. Two 
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other quakes of magnitude 7.5 or greater have 
shaken the plateau in the past century, and seis- 
mic activity poses one of the major threats to 
the new railway. 

The question is what to do about it. Rail- 
way engineers have avoided building stations, 
tunnels and bridges in areas containing active 
faults, and these main structures are equipped 
with anti-quake safety measures such as addi- 
tional steel reinforcement bars to keep the 
concrete from cracking during an earthquake. 
But the tracks themselves do not have any extra 
reinforcement. “The cost would be astronomi- 
cal to install anti-quake measures all through 
the route,” says Wang. 

However, researchers and engineers are in 
talks with the ministry of railways about install- 
ing an earthquake-detection system along the 
tracks on the plateau. The project, estimated to 
cost tens of millions of yuan, could, in theory, 
notify the train of a substantial earthquake 
in progress by detecting the primary seismic 
waves propagating from a quake, then bringing 
the train to a halt before the damaging second- 
ary waves arrive. As Wang notes, stopping a 
train before it derails in a quake is particularly 
important for high-altitude railways: “It would 
be very dangerous if passengers were exposed 
to the harsh conditions of the Qinghai-Tibet 
plateau,” he says. 

The harsh weather here also calls for inno- 
vative approaches to railway engineering. 
As we crest the Kunlun Range, ahead of us 
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we see how the rail tracks disappear into a 
1.6-kilometre-long tunnel. “We are entering 
a region rich with warm permafrost; Tsega 
explains. The temperature of warm permafrost 
stays within a couple of degrees below freezing, 
and its top layer thaws more readily in the sum- 
mer than that of normal permafrost, making 
the ground more unstable. 

Regular permafrost is bad enough; engineers 
have to raise the railbed or use insulating mate- 
rials to keep the tracks from warping during 
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seasonal freeze-thaw cycles. Construction is 
even harder with the mix of permafrost types 
on the Qinghai-Tibet plateau. The railway 
traverses 275 kilometres of warm permafrost 
221 kilometres of ice-rich permafrost, and 
134 kilometres of a mix of both. “This is the 
worst combination for any permafrost engi- 
neering project,” says Max Brewer, a perma- 
frost researcher at the University of Alaska in 
Fairbanks. 
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Keeping cool 
A group of researchers, led by Cheng Guodong 
of the Cold and Arid Regions Environmental 
and Engineering Research Institute, Chinese 
Academy of Sciences, in Lanzhou, has devel- 
oped a series of measures to cool down the 
railbed. All the approaches capitalize on using 
the benefits of the cold environment, and try to 
keep the railbed as naturally cold as possible’. 

In most places, for instance, the railway 
embankment is raised by between 2 metres 
and 10 metres, helping insulate the ground 
from the heat created by the tracks. The slopes 
of the embankment are also covered with a 
layer of crushed rocks — a technique inspired 
by reports that permafrost can occur beneath 
blocky and coarse materials even when the air 
temperature is well above 0 °C. “This is the 
first time a large-scale project has used the 
technique as one of its primary solutions,’ says 
Zhang Tingjun, a permafrost researcher at the 
National Snow and Ice Data Center in Boulder, 
Colorado. It seems to be working; tests suggest 
that the crushed layer keeps temperatures up to 
2°C cooler, and in some places, the permafrost 
has even increased in volume and pushed up 
into the embankment structure. 

As we drive along, passing Tibetan wild asses 
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grazing by the road, I spot other gadgets along 
the tracks for cooling the embankment. The 
most prominent ones are ‘thermosyphons’ — a 
series of thin metal tubes standing upright on 
the railbed shoulders every 3 metres, which use 
evaporative cooling to transfer heat from one 
end to another. Thermosyphons are costly to 
install and maintain, but the Chinese govern- 
mentis not shy in lavishing on such gimmicks, 
with 18,200 of them installed in ‘high-risk 
permafrost areas. 

Elsewhere, engineers buried ventilation 
pipes through the embankments, which can 
also cool the temperature by up to 2 °C. And 
some of the south-facing slopes hold giant 
shading-boards. Over the first winter, these 
allowed shaded areas to freeze solid while non- 
shaded embankments remained unfrozen. 

More than 200 sensors constantly moni- 
tor ground temperatures on both sides of the 
railbed over permafrost regions, in a system 
costing 40 million yuan. One year and a sea- 
sonal cycle on, researchers suggest that the 
permafrost regions are recovering from the dis- 
turbance caused during the construction of the 
railway. But there have been several cracks along 
the track in some regions, which may be due to 
distorted foundations. Cracks are repaired as 
soon as they are discovered by the crew regu- 
larly monitoring the track. Zhang Luxin, chief 
engineer for construction and maintenance of 
the railway, would not disclose the total number 
of cracks since it began operating. But he says 
that all of the cracks so far have been superficial 
and have had no impact on the railbed. 

Brewer says he is not alarmed by such inci- 
dents. “It would be naive to expect that con- 
struction of this scale could be free of problems,’ 
he says. Indeed, it has been more than a century 
since Siberia’s first railway was built, but frost- 
damage still affects 30% of the tracks passing 
across permafrost regions, according to a recent 
survey conducted by Russian engineers. 
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The chiru is an endangered antelope found only on the Tibetan plateau. 
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Some experts, however, fear that the prob- 
lems could get worse in a warmer climate. 
Research shows that global warming has 
affected the ground temperature on the plateau 
to a depth of 40 metres; permafrost is degrad- 
ing as temperatures rise and the ‘active layer 
that freezes and thaws every 
year gets thicker’. According to 
a recent report by the Chinese 
Academy of Sciences, 10% of the 
permafrost regions on the pla- 
teau have degraded in the past 
20 years. 

Before 2001, when the railway 
constuction started, the consen- 
sus was that the air temperature 
on the plateau would increase by 1 °C over the 
next 50 years. Scientists now think that it may 
rise by 2.2-2.6 °C during that time. Cheng, 
however, says that engineers could adapt the 
railways to additional temperature increases 
by adding more of the cooling measures to the 
railbed’s slopes. 

Lack of oxygen 
sends excruciating 
pulses burrowing in 
through the top of my 
head and deep into 
my brain. I turn to the 
view outside, seeking 
comfort in the widen- 
ing, sparsely vegetated 
valley, sprinkled with 
streams, rivers and 
enormous alluvial 
fans. In the distance, 
my gaze comes to rest 
ona gigantic overpass 
perching high above 
the plain. “That’s 
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“It would be naive 
to expect that 
construction of 


this scale could be 
free of problems.” 
— Max Brewer 
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the famous Qingshuihe Bridge; Tsega says, 


noticing my sudden enthusiasm. The 11.7- 
kilometre-long overpass, consisting of 1,367 
piers and costing 24 million yuan to build, 
straddles the most unstable stretch of perma- 
frost along the railway. The overpass removes 
direct contact between perma- 
frost and the tracks — the engi- 
neers last resort for protecting 
fragile ground. 


Effect on migration 

Tsega explains that the bridge 
is also one of 33 passageways 
designed to enable wildlife on 
the plateau to go under the 
arches to get from one side of the railway to 
the other. Chiru, endangered Tibetan ante- 
lopes known for their speed and stamina, are 
shy creatures and particularly prone to distur- 
bances. Every June, more than 3,000 pregnant 
chiru travel hundreds of kilometres westward 
from the Three-River Headwater nature 
reserve to give birth in the Kekexili reserve, 
then migrate back with their young in August. 
Both the Qinghai-Tibet railway, and the high- 
way that follows the same route, cut right across 
their migratory paths. 

Experts are divided on the subject of how 
effective such wildlife passageways are. Accord- 
ing to a government report released ahead of 
the first anniversary of the line’s operation 
in July, most of the passageways are used by 
plateau animals and the railway has had no 
impact on the Tibetan antelopes in those 
areas. Other research is less positive. Contrary 
to reports by the state-run Chinese media, as 
many as 1,500 antelopes couldn't make the 
crossing in 2003 and had to give birth locally, 
says Yang Xin, president of Green River, a non- 
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governmental organiza- 
tion based in Chengdu, 
Sichuan province. This 
happened despite the fact that railway workers 
suspended construction and cleared out of the 
sites for a couple of days during the animals’ 
peak migration period. 

Although antelopes are able to cross the 
railway, research by Yang and Su Jianping, a 
zoologist at the Northwest Institute of Plateau 
Biology, Chinese Academy of Sciences, in Xin- 
ing, Qinghai province, suggests that antelopes 
don’t use most of the passageways. Before the 
railway construction began, antelopes crossed 
the highway between the Kunlun Pass and 
Wudaoliang at multiple locations along a 100- 
kilometre stretch. Now, a large majority of them 
funnel under the 200-metre-long overpass at 
the Wubei Bridge, just north of Wudaoliang. 

It's not yet clear what these changes in the 
animals’ migration habits might mean in the 
long term. The researchers conjecture that 
some of the new overpasses might be too low 
or narrow for animals to feel comfortable, 
which pushes them into new migration routes. 
Yang, for instance, has seen herds of antelope 
approaching the Chumaer River — which used 
to be a key crossing site — then hesitate, turn 
away and go south to make the crossing near 
Wudaoliang. 

Knowing why some overpasses seem to work 
better than others could be valuable for future 
construction work, says Su — but only long- 
term monitoring can find that out. “It would 
be surprising if the highway and railway didn't 
affect movements of plateau animals,’ he says. 
“Tt’s unclear how this could affect their other 
behaviours or their survival as a species.” Yang 
Qisen of the Beijing-based Institute of Zoology 
— leader of the team that studies the railway’s 


Tang Gu La, at 5,068 metres above sea level, is 
the world's highest train station. 


impact on plateau wildlife — declined Nature’s 
request for an interview. 

Throughout the journey, the plateau is other- 
wise little marred by construction debris or the 
landscape scars usually associated with major 
projects. Railway planners developed a ‘green 
policy’ to ensure protection for soil, vegetation, 
animals and water resources along the route’. 
Nearly 4% of the 33 billion yuan spent on con- 
struction was allocated to restoration of ecosys- 
tems and environmental protection, according 
to Hao Qingjun, an official 
at the Xining-based Qinghai 
Environmental Protection 
Agency. Where possible, the 
railway was rerouted around 
sensitive natural zones such as 
wetlands. In other places, much 
of the turf that was dug up dur- 
ing the construction phase was preserved and 
then replanted once that section of the railway 
was completed. 


Accumulating rubbish 
The sun has almost set by the time we pull off 
the road at the reserve'’s protection station near 
Tuotuohe for the last stop of the day. The lin- 
gering light sets the snow-capped mountain 
peaks ablaze, while long blue shadows creep 
down from their dark stony slopes. 

Tuotuohe, a main town along the railway, lies 
in the region that is the headwater of three of 
Asia’ largest rivers — the Yangtze, Yellow and 
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Lancang (Mekong) rivers. Standing at the Tuo- 
tuohe Bridge, the first bridge over the Yangtze, 
I recall how Yang told me that the town is also 
the first rubbish dump along the river. The 
highway and railway are bringing more people 
and industrial products to the plateau. They 
have also led to more roads and other construc- 
tions, such as hotels and restaurants, along the 
route. “Those constructions do not have the 
same kind of resources as the railway project’ 
says Yang, referring to the lack of money and 
manpower. “So environmental protection is 
not on the agenda.” 

Few towns along the route have the capacity 
to treat their accumulating rubbish, so it is left 
to moulder in open containers on the street and 
along the river banks. This is not only a source 
of disease, says Yang, but it also pollutes the 
environment and endangers wildlife. In addi- 
tion, the introduction of commerce into the 
plateau life has led to an increasing need for 
more livestock, such as yaks, cows and sheep, 
which nomads can exchange for industrial 
products. “Over-grazing is a serious problem 
on the plateau,” he says. In the Three-River 
Headwater region, some nomads have to go as 
high as 5,500 metres to find fresh pasture for 
their animals. 


Change in Tibet 
It soon turns pitch-dark and the temperature 
drops sharply. In the protection station we sit 
around a stove, enjoying the waves of warmth 
it radiates. A television is showing news on 
Phoenix TV, a popular Hong Kong channel. 
There is a computer in the corner with an 
internet connection. Tashi, a young Tibetan 
man who looks after the station, brings us 
supper: bread, yoghurt and Tibetan tea, along 
with some dried beef Tsega 
brought with us. Over the meal, 
I ask Tashi how the railway 
has affected his life and that of 
his family who are nomads in 
the region. “Our life is still the 
same, he says after a moment 
of hesitation, a sense of indif- 
ference palpable. None of his family or any of 
their friends sees a need for taking the train. 
“We are nomads.” 

His indifference, and that of many others liv- 
ing in rural Tibet, is in stark contrast to Chi- 
na’ claimed purpose of the railway: to promote 
economic development. On the surface, Tibet 
is doing well, and the railway has certainly 
helped; during the first 10 months of its opera- 
tion, trade between Tibet and outside regions 
increased by 75%, to 2.6 billion yuan. Tibet will 
receive an estimated 3 million tourists this year 
and, by 2010, the number is expected to reach 
5 million. 
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Pleased with the railway? The reaction in Tibet to the railway project has been mixed. 
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The billions of yuan that Beijing has poured 
into Tibet flow almost exclusively along the 
handful of roads in the region, pooling in the 
towns along the way and finally ending up 
in three major cities — Lhasa, Shigatse and 
Chamdo, says Kabir Heimsath, a Lhasa-based 
anthropologist at St Cross College, Univer- 
sity of Oxford. The towns and cities are the 
few places in which serious development has 
taken hold and, consequently, are also the only 
places where Han migrants 
— mostly itinerant work- 
ers marginalized by the 
same system in other parts 
of China — and business- 
men form a majority. This 
increasing disparity between 
the urban rich and the rural 
poor — a general problem 
of China’s economic devel- 
opment — means that most 
Tibetans are left behind, 
unable to reap the benefits of 
modernization, he says. 

Even in towns and cit- 
ies, Tibetans are in danger 
of being marginalized. They 


Untreated rubbish has 


accumulated in places along 
the Yangtze river. 


aspects of Tibetan life — even religion, as an 
increasing number of Tibetan monasteries are 
funded and built by Han Chinese. 


On the train 
A few days after visiting Tuotuohe, I board 
the train from Golmud to Lhasa for the 
uninterrupted experience of the entire 
train journey. The coaches are completely 
sealed so no rubbish can be thrown out 
and have a wastewater-storage 
system. They have windows 
with ultraviolet filters to keep out 
the sun’s glare, and their under- 
bellies are enclosed to protect 
wiring from snowstorms and 
sandstorms. The oxygen level 
in every coach is well-adjusted, 
and additionally, passengers can 
plug in to the oxygen supply 
anywhere on the train. Every 
coach is equipped with digital 
displays that show continuous 
updates of the train's elevation 
and speed, the outside tem- 
perature and the distance to 
the next station. 


find it increasingly difficult to 
compete in the job market against skilled and 
more business-oriented Han, who, privileged 
by ethnicity and language, make up more 
than 92% of the population of China. Inten- 
tionally or not, Tibet has seen a surge of Han 
migrants, which is further boosted by the rail- 
way. And emerging with this wave of migration 
is the cultural imprint of Han Chinese on many 


402 


Travelling at about 100 kilo- 
metres an hour, the trip is surprisingly smooth. 
I have the opportunity to review the scenery 
— the magnificent Mount Yuzhu reaching up 
to 6,178 metres, the turquoise Namucuo Lake 
shimmering under the unearthly Tibetan light, 
nomads dressed in colourful robes, turrets with 
red, blue and green prayer flags fluttering near 
a Communist flag. Fourteen hours later, at the 
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end of an uneventful journey, the train pulls into 
the great vault of Lhasa’s new railway station. 

The next morning I wander through the 
city’s various districts. Apart from the Tibetan 
quarter centred on the holiest Jokang temple, 
most of the shops, hotels and restaurants are 
run by Han Chinese. I come across Bhuchu, a 
Tibetan pilgrim from a village in Sichuan prov- 
ince. He has prostrated himself on the ground 
after every step for more than 1,000 kilometres 
over the past 6 months. Now only steps away 
from Jokang, he is radiant with joy, hope anda 
deep sense of heightened existence. 

I finally arrive at the Potala Palace, the his- 
toric landmark of Lhasa, which used to be 
home to successive Dalai Lamas. The sight of 
the gigantic red-and-white structure perching 
serenely on Potala Hill is simply breathtaking. 
Marvelling at its architectural splendour and 
spiritual richness, I can't help but wonder what 
the railway will bring to Tibet and its people. 

Already, China is planning to extend the 
railway even farther, to Zhangmu to the west 
and to Dali to the east. Another extension 
would link Shigatse with Yadong, near the 
China-India border. What will this expanded 
network mean for the fragile plateau? Here in 
the rarefied environment of Lhasa, the ques- 
tion hangs shimmering in the air. 

Jane Qiu is a freelance writer based in Beijing 
and London. 
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Ocean pipes could help the 
Earth to cure itself 


SIR — We propose a way to stimulate 
the Earth’s capacity to cure itself, as an 
emergency treatment for the pathology 
of global warming. 

Measurements of the climate system show 
that the Earth is fast becoming a hotter planet 
than anything yet experienced by humans. 
Processes that would normally regulate 
climate are being driven to amplify warming. 
Such feedbacks, as well as the inertia of the 
Earth system — and that of our response — 
make it doubtful that any of the well- 
intentioned technical or social schemes for 
carbon dieting will restore the status quo. 
What is needed is a fundamental cure. 

The oceans, which cover more than 70% of 
the Earth’s surface, are a promising place to 
seek a regulating influence. One approach 
would be to use free-floating or tethered 
vertical pipes to increase the mixing of 
nutrient-rich waters below the thermocline 
with the relatively barren waters at the ocean 
surface. (We acknowledge advice from 
Armand Neukermans on engineering aspects 
of the pipes.) Water pumped up pipes — say, 
100 to 200 metres long, 10 metres in diameter 
and with a one-way flap valve at the lower 
end for pumping by wave movement — 
would fertilize algae in the surface waters and 
encourage them to bloom. This would pump 
down carbon dioxide and produce dimethyl 
sulphide, the precursor of nuclei that form 
sunlight-reflecting clouds. 

Such an approach may fail, perhaps on 
engineering or economic grounds. And 
the impact on ocean acidification will need 
to be taken into account. 

But the stakes are so high that we put 
forward the general concept of using the 
Earth system's own energy for amelioration. 
The removal of 500 gigatonnes of carbon 
dioxide from the air by human endeavour 
is beyond our current technological 
capability. If we can't ‘heal the planet’ 
directly, we may be able to help the planet 
heal itself. 

James E. Lovelock*, Chris G. Rapley 
*Green College, University of Oxford, 
Woodstock Road, Oxford OX2 6HG, UK 
+Science Museum, Exhibition Road, 
South Kensington, London SW7 2DD , UK 


H-index: however ranked, 
citations need context 


SIR — The h-index (the number n ofa 
researcher's papers that have received at 

least n citations) may paint a more objective 
picture of productivity than some metrics, as 
your News story ‘Achievement index climbs 
the ranks’ (Nature 448, 737; 2007) points out. 


But for all such metrics, context is critical. 
Many citations are used simply to flesh 

out a paper’s introduction, having no real 

significance to the work. Citations are also 

sometimes made ina negative context, 

or to fraudulent or retracted publications. 

Other confounding factors include the 

practice of ‘gratuitous authorship’ and 

the so-called ‘Matthew effect, whereby 

well-established researchers and projects 

are cited disproportionately more often 

than those that are less widely known. 

Finally, bibliometrics do not compensate 

for the well-known citation bias that 

favours review articles. 

Michael C. Wendl 

Washington University Medical School, 

4444 Forest Park Boulevard, 

Box 8501, St Louis, 

Missouri 63108, USA 


H-index: age and sex 
make it unreliable 


SIR — The h-index seems to be breaking 
away from the bibliometric pack, in the race 
to become a favoured measure of scientific 
performance (‘Achievement index climbs 
the ranks’ Nature 448, 737; 2007). However, 
if the h-index is to become an assessment tool 
commonly used by university administrators 
and government bureaucrats, those using it 
should be aware of its pitfalls. 

As noted in your News story, tallying how 
many papers a researcher publishes (their 
productivity) gives undue merit to those 
who publish many inconsequential papers. 
But at least for ecologists and evolutionary 
biologists, the h-index is highly correlated 
with productivity (r= 0.77; see C. D. Kelly 
and M. D. Jennions Trends Ecol. Evol. 21, 
167-170; 2006). 

This is worrisome, because the h-index 
is easily misconstrued as an equitable 
measure of research quality. We offer 
two examples. 

First, female ecologists and evolutionary 
biologists publish fewer papers than 
their male counterparts, and they have 
significantly lower h-indices. Should 
administrators therefore conclude that 
men are better researchers? No. The gender 
difference vanishes if we control for 
productivity. It seems unlikely that 
this phenomenon is restricted to ecology 
and evolution. 

Second, the h-index increases with 
age and using the ratio of the two can be 
problematic. Therefore, reliably comparing 
the performance of younger researchers 
with older ones is difficult. 

Clint D. Kelly, Michael D. Jennions 
School of Botany and Zoology, 
Australian National University, 
Canberra, ACT 0200, Australia 
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Conservationists could slip 
up in oil-palm enterprise 


SIR — Ina novel ‘farming with the enemy’ 
approach, Lian Pin Koh and David S. Wilcove 
(Nature 448, 993-994; 2007) suggest that 
non-governmental organizations (NGOs) 
should cash in on the lucrative oil-palm 
industry and buy small tracts of existing 
plantations to generate revenue for 

nature reserves. Such a scheme has 

many potential complications and 
ramifications. 

According to Koh and Wilcove’s figures, 
an NGO would require $62.5 million to 
purchase 5,000 hectares of mature oil palm; 
the same sum of money would buy 11,000 
hectares of forested land outright. It would 
take six years to recoup this investment 
through revenues from the plantation. Only 
then could forested land be bought, at 1,800 
hectares a year, reaching a total of 11,000 
hectares 12 years after the oil-palm purchase. 
Given the high rates of deforestation in 
southeast Asia, it seems more prudent to 
simply acquire forests now. 

NGOs may spread themselves too thin if 
they engage in a large business that will divert 
considerable manpower, time and expertise 
away from threatened-species recovery 
programmes and public outreach. In 
addition, acquisition of oil-palm plantations 
by NGOs may exacerbate current rates of 
land conversion, by reducing the number of 
hectares available for other private plantation 
owners. And we fail to see how the proposed 
scheme will prompt companies to commit to 
good management practices, such as those 
advocated by the Roundtable on Sustainable 
Palm Oil (www.rspo.org). Instead, oil-palm 
monoculture could be legitimized as ‘green’ 
by an NGO’ association with companies that 
are required to do nothing more than assist in 
starting up their plantations. 

We propose instead that NGOs actively 
engage oil-palm companies to fund reserves, 
in return for environmentally friendly 
accreditation and help in implementing 
guidelines for sustainability. 

Although conservationists must find 
creative ways to raise funds sustainably, 
doing so through an industry that has 
negative impacts on biodiversity may 
ultimately be counterproductive. 

Reuben Clements, Mary Rose C. Posa 
Department of Biological Sciences, 
National University of Singapore, 

14 Science Drive 4, Singapore 117543, 
Republic of Singapore 


Contributions to Correspondence may be 
submitted to correspondence@nature.com. 
They should be no longer than 300 words. 
Published contributions are edited. 

We welcome comments at Nautilus 
(http://blogs.nature.com/nautilus). 
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Research funding in the 
twenty-tirst century 


Are universities and market forces compatible? 


Science for Sale: The Perils, Rewards and 
Delusions of Campus Capitalism 

by Daniel S. Greenberg 

University of Chicago Press: 2007. 

288 pp. $25 


Michael M. Crow 

Daniel Greenberg is widely considered the 
premier journalist of science policy, having 
written extensively on the subject over the 
course of its 60-year evolution in the United 
States. Science for Sale is his latest offering. It 
provides an intriguing, if idealistic, review of 
the issues surrounding the funding of science 
in the twenty-first century. Greenberg posits 
that science was once, and should be again, 
driven by the pure curiosity of scientists and 
not by motives influenced by the stress of 
external funding and the negative forces of 
capitalism. Unfortunately, science past did not 
really exist in the way he spends so much time 
describing in the book. 

Greenberg's idyllic views — in particular 
that the academic scientist and the university 
are best motivated by curiosity alone — are 
interesting. But they run counter to history, 
to how organizations operate and, perhaps 
most importantly, to the understanding that 
‘the university’ itself is an idea, not an ideal or 
an ideology. 

In fine journalistic style, the author makes 
his case that the modern university, with its 
quest for resources, has drifted far from its 
purely scientific origins. He presents substan- 
tial and meaningful information and anecdotes 
about the academic arms race, the drive for 
comprehensive funding and the complexities 
and perils of corporate funding of research. 
He guides us through the negative effects that 
can result throughout the academic system 
for a large-scale, high-impact enterprise that 
is highly competitive at individual and insti- 
tutional levels. 

Academics would admit that Greenberg's 
concerns about conflicts of interest and the 
challenges of funding are legitimate and 
that these need to be managed consciously 
and meaningfully. But his assumptions and 
arguments about the corruption of aca- 
demic purpose and of its independence from 


corporate and government funding are 
oversimplified. He presents scenarios in 
which the actors involved, be they aca- 
demic scientists, university administra- 

tors or corporate technologists, do not 
seem to live up to his ideals in terms of 
their scientific comportment; his analy- 

ses aren't so much incorrect as lacking in 

detail and historical context. 

From its beginnings, US academic sci- 
ence has focused on practical outcomes 
and has been linked heavily to industry. 
Take the Silliman family of Connecti- 
cut. Benjamin Silliman, a Yale alumnus 
and son of the revolutionary war hero 
General Gold Selleck Silliman, switched 
professions from law to medicine and 
in 1804 taught the first academic sci- 
ence class in the United States. He 
was a hybrid chemist, geologist and 
science-society organizer who, between 1804 
and 1857, spent much of his time on practical 
mineralogy and consulting for industry and 
the government. Silliman’s son, also Benjamin, 
became a Yale chemist and one of the most 
influential academic scientists in US history. 
He wrote a US$526 report for industry on how 
to distil fractionated oil, which ultimately led 
to the emergence of the oil industry in Penn- 
sylvania and provided the chemical source 
for the Standard Oil Company. These path- 
breaking academics helped shape the structure 
of America’s first school of science (Sheffield 
Scientific School at Yale) and furthered the US 
tradition of practical science. 

This account and numerous others demon- 
strate the emergence of US universities through 
donation, state constitution, church, land-grant 
or powerful local business and commercial 
forces. Science for Sale’s portrayal of academic 
science as previously unencumbered by market 
forces, greed or evil is not the whole story. 

The theory Greenberg presents is desirable. 
In reality, science and its environment rep- 
resent a much more complicated force. Aca- 
demic scientists work to advance humanity, 
sometimes coming up with innovations that 
have the potential for good and bad outcomes. 
One of Greenberg’s case studies of corporate 
influence on the development trajectory of the 
chemotherapy drug Taxol seems like child’s 


©2007 Nature Publishing Group 


AALEAARELAAA LES EEE EEE 
SCIENCE FOR SALE | 


THE PERILS, REWARDS, 
AND DELUSIONS 
OF CAMPUS CAPITALISM | 


EAAAEAAAAL AREA EK KEKE 


DANIEL §. GREENBERG 


play when compared with government influ- 
ence on the production of new technologies 
with a high potential for social and economic 
disruption. Even science at its most pure can 
be affected by a variety of factors, sometimes 
with unintended consequences. The point is, 
all influences are at least equal, all outcomes 
can cut both ways and all resources carry with 
them a quid pro quo. 

Greenberg outlines the myriad pitfalls and 
pratfalls faced by academic science, but does 
not analyse how to address them. US research 
universities exist inside one of the bastions of 
capitalism and are organized to compete with 
each other for students, faculty, resources and 
recognition in this complex sociocultural sys- 
tem. Unlike much of the rest of the world, they 
are not managed by a central ministry. This set- 
ting has led institutions to take on many of the 
characteristics that concern Greenberg — size, 
scope, wealth, reliance on external resources, 
and so on. It is not a set of corporate or capi- 
talistic forces that are driving US academia on 
the path of increased complexity and stress. It 
is the universities, through their creativity, con- 
nectivity, influence and power, that are driving 
other institutions or nation states to action with 
science-based competition. a 
Michael M. Crow is president of Arizona State 
University, PO Box 877705, Tempe, Arizona 
85287-7705, USA. 
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Atlas on our shoulders 


The Body has a Mind of its Own: How 
Body Maps in Your Brain HelpYou Do 
(Almost) Everything Better 

by Sandra Blakeslee and Matthew 
Blakeslee 

Random House: 2007. 240 pp. $24.95 


Edvard I. Moser 

Like an atlas, the brain contains maps of the 
internal and external world, each for a dis- 
tinct purpose. These maps faithfully inform 
the brain about the structure of its inputs. The 
body surface, for example, is mapped in terms 
of its spatial organization, with the same neural 
arrangement flashed through successive levels 
of processing — from the sensory receptors in 
the periphery to the thalamus and cortex in 
the brain. Meticulous mapping also takes into 
account the hat on your head and the golf club 
in your hand, and separate systems encode the 
space through which your body moves. As 
V. S. Ramachandran has remarked: God must 
be a cartographer. 

In The Body has a Mind of its Own, Sandra 
and Matthew Blakeslee — who represent the 
third and fourth generations in a family of sci- 
ence writers — use this emerging knowledge 
about brain maps as a springboard for present- 
ing some of the most exciting discoveries in 
neuroscience. The unifying theme is the idea 
that the way our body is mapped by neural cir- 
cuits in the brain can account for a range of our 
experiences and perceptions. Using a readable 
and inspiring format, the authors showcase 
new and classic research on neural represen- 
tations, without compromising accuracy. 

The stories are refreshingly up-to-date, 
covering, for example, the emerging appre- 
ciation of the dynamic borders between maps 
for body and external space, and new insights 


Sculptor Antony Gormley also explores how the 
body relates to surrounding space. 


into how our own location in space is mapped 
by specialized cells called grid and place cells. 
Anecdotes and ideas from sister disciplines, 
including neurology, psychiatry and cultural 
anthropology, mix comfortably with labora- 
tory observations. New discoveries titillate 
our curiosity, explaining common phenomena 
such as yo-yo dieting and contagious yawn- 
ing as well as some more bizarre neurological 
abnormalities such as alien-hand syndrome 
and supernumerary-limb perception. Also 
covered are why you cannot tickle yourself, 
why some people have ‘out-of-body’ experi- 
ences, and why babies in Mali walk earlier 
than those anywhere else in the world. 

The chapter on mirror neurons discusses 
their possible implications for social transmis- 
sion and cultural learning. Mirror neurons fire 
when a monkey peels a banana, say, and when 
it observes another monkey peeling a banana. 


They may therefore be part of the neural basis 
of intention, promoting learning by imitation. 
The authors explain how mirror neurons could 
participate in a wide range of primate brain 
functions, for example in shared perception 
and empathy, cultural transmission of knowl- 
edge, and language. At present we have few, if 
any, clues as to how mirror neurons compute or 
how they interact with other types of neuron, 
but the Blakeslees draw our attention to social 
neuroscience as an emerging discipline. 

It is important to keep in mind that the map 
concept is not explanatory. We need to define 
what a map is to understand how perception 
and cognition are influenced by the spatial 
arrangement of neural representations. The 
classical maps of the sensory cortices are topo- 
graphical, with neighbouring groups of neurons 
representing neighbouring parts of the sensory 
organ and thus the outside world. Other maps, 
such as those of the brain’s spatial-representa- 
tion system, are distributed with no striking 
correlation between firing properties and ana- 
tomical location. Both are maps in the sense that 
they link a feature of the external world with the 
activity of a neuron, but the functional implica- 
tions of the map arrangements are likely to be 
vastly different. More complex wiring diagrams 
may be needed to maintain coherent localized 
representations in a distributed network than 
in a topographic system. 

To the non-specialist, it may not matter 
whether a map is a map or not. The Body has a 
Mind of its Own is a thought-provoking book 
of wide appeal. It is a striking example of how 
complex issues in contemporary research can 
be presented to entertain everyone. a 
Edvard I. Moser is professor of neuroscience at 
the Kavli Institute for Systems Neuroscience and 
the Centre for the Biology of Memory, NTNU, 
Trondheim, Norway. 


Ups and downs of a senator scientist 


The Volterra Chronicles: The Life and 


Times of an Extraordinary Mathematician 
1860-1940 

by Judith R. Goodstein 

American Mathematical Society/London 
Mathematical Society: 2007. 310 pp. $59 


Salvatore Coen 

Vito Volterra was an extraordinary math- 
ematician. He was also a pioneer of bio- 
logical modelling — a research tool that has 
increased in popularity by leaps and bounds 
since the publication of his seminal ‘preda- 
tor-prey model in 1926. Volterra lived at a 
time when Italy was undergoing bouts of 
political upheaval, as a child in the wake of the 
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Risorgimento — the country’s unification in 
the 1860s — and then under Benito Mus- 
solini’s fascist regime. As a senator, Volterra 
withheld his support for the regime and was 
therefore expelled from the University of 
Rome in 1931 and from all Italian academies 
in 1934. The Volterra Chronicles is a rich biog- 
raphy set amid this turmoil. 

Author Judith Goodstein captures the 
human, political and social environment of 
the age. The story of Volterra’s life stems from 
his very close Italian Jewish family, with their 
strong patriotic sentiments. He was born 
in Ancona in May 1860, when the town 
belonged to the Church, and grew up in a 
country still deeply affected by the ideals of 


©2007 Nature Publishing Group 


the Risorgimento. He graduated in physics from 
the University of Pisa and became a professor 
there when he was only 23 years old. Later he 
moved to the University of Turin, then to the 
University of Rome, where he married his 
young cousin Virginia Almagia. 

The Volterra Chronicles describes the early 
research done by the young Volterra and his 
deep and precocious interest in mathematics 
and its applications. His papers on real and 
complex analysis, on mathematical physics, 
hydrodynamics, electrostatics, elasticity, dif- 
ferential, integral and integro-differential 
equations are still classics. In addition, he is 
considered a father of functional analysis, 
one of the main branches of contemporary 
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mathematics. But he never lost contact with 
the experimental sciences, and the final chap- 
ter of the book covers his ground-breaking 
incursions into biomathematics. 

Volterra was a key participant in scientific 
organizations in Italy and worldwide. He 
was president or vice-president of important 
research institutes including the International 
Bureau of Weights and Measures (1921-40) 
and the International Research Council, and 
founder of, among other things, the Italian 
National Research Council and the Italian 
Society for the Progress of Science. 

His family has generously donated sev- 
eral archives to the Accademia dei Lincei in 
Rome, which are now fully catalogued. This 
biographical material has been invaluable for 
scholars, and important contributions about 
Volterra have been published during the past 
decade or so — for example, by Giorgio Israel 
and Ana Millan Gasca in 2002 and Rita Levi- 
Montalcini in 1996. 

The Volterra Chronicles is different from 
these other works in that it is a dedicated 
biography of Volterra, based on original 
documents, which invites us into the math- 
ematician’s intimate circle. Short passages 
translated from his correspondence provide 
insight into his intense relationships with the 
most prestigious mathematicians of his time, 
which were always grounded in mutual scien- 
tific and personal respect. The book reveals 
his knack for spotting talent in young scien- 
tists, including Tullio Levi-Civita, André Weil, 


Vito Volterra modelled predator-prey dynamics. 


Griffith Evans, Marcel Brelot, Enrico Fermi 
and Joseph Pérés, whom he helped in vari- 
ous ways or with whom he collaborated. 
The characters of his family and friends, 
including Carlo Somigliana and the physicist 
Antonio Roiti, and of his teachers Ulisse Dini 
and Enrico Betti are perceptively drawn. 
Volterra was resolutely in favour of mili- 


tary intervention by Italy during the First 
World War to fight alongside France, Britain 
and Russia. He volunteered at the age of 55 
when he was a senator and a member of many 
illustrious academies. During the conflict, he 
was involved in military action and scientific 
research, and cooperated closely with scientists 
in allied countries, particularly France. 

He was a fierce opponent of fascism. In 1924, 
still a senator, he cast a no-confidence vote in 
Mussolini as head of the government and in 
1931, he refused to sign a loyalty oath profess- 
ing allegiance and devotion to king, country 
and the Fascist regime. This refusal cost him 
his university post and academy memberships, 
as well as the support of most of his colleagues. 
He also faced persecution under racial laws 
issued in 1938. But the regime allowed him to 
keep his passport and he continued to travel 
until his death in October 1940, four months 
after Italy joined the Second World War. 

One of three appendices (the others being 
translations of his most important speeches) 
to The Volterra Chronicles reproduces a touch- 
ing and sensitive obituary written by the dis- 
tinguished English mathematician Edmund 
Whittaker. It is a fitting end to a biography 
of an outstanding scientist, which is remark- 
able for its accuracy and scholarly rigour, and 
— unlike its predecessors — for its potential to 
engage a wide readership. 

Salvatore Coen is professor of geometry in the 
Department of Mathematics at the University of 
Bologna, 40126 Bologna, Italy. 


Oceanography fathomed 


by Dallas Murphy 
Basic Books: 2007. 288 pp. $26 


The ocean covers nearly 71% of our planet, 
providing food, minerals, energy, transport, 
even recreation. It is also crucial in governing 
our climate system. Indeed the 29% of solid 
land, which depends on the sustained health 
of the entire environmental system, is arguably 
itself anchored in the ocean. 

In To follow the Water, Dallas Murphy gives 
the general reader and the specialist an ocean 
view beyond the confines of the laboratory or 
computer model. He rolls from topic to topic 
in a readable and scientifically astute narra- 
tive that touches on the oceans’ many aspects 
— from their exploration over the centuries to 
their current impact on climate — and their 
study as a quantitative science today. 

Fundamental discoveries await oceanogra- 
phers, but observations are difficult; the oceans 
are vast and controlled experiments are impos- 
sible. I entered physical oceanography decades 


Remotely operated vehicles, controlled from aboard ships, measure the ocean's fluctuations. 
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ago out of curiosity, coupled with the excite- 
ment of going to sea. The field has expanded 
hugely since then: the research is still fun, but it 
is now more essential than ever to get it right. 

In the early days of exploration, European 
nations competed to find sea routes to Asia 
around the southern rim of Africa, or to the 
great unknown to the west. The southern route 
succeeded; the western route led to gold, to 
the great misfortune of those who had arrived 
there earlier. Even then, some explorers were 
intrigued by ocean currents as a means to 
speed up their journey, and by the origin of 
the cool, tropical subsurface water in which 
they cooled off. 

Gradually these explorers morphed into sci- 
entists, although sea-going oceanographers still 
retain an element of the explorer. We are now 
armed with more sophisticated tools to meas- 
ure the ocean's fluctuations — from aboard 
ships, from instruments moored or floating 
freely in the ocean, and from satellites peer- 
ing down from above. Considering salt water’s 
high density — granite is only 2.5 times more 
dense — and its high heat capacity and latent 
heat, it’s no wonder the vast ocean mass has a 
lock on the climate. Unfortunately, our inability 
to simulate properly the ocean processes that 
transfer heat, water and dissolved chemicals 
undermines the validity of our global climate 
models. And there is that annoying dab of car- 
bon dioxide that we are so unwisely burning 
into the atmosphere, half of which ends up 
acidifying the ocean. 

Oceanographers spend many weeks aboard 
ship, enduring the rolling and pitching that 
strains brain and belly. Murphy discovered this 
uncomfortable truth as a technician aboard 
the Woods Hole Oceanographic Institution's 
research vessel Oceanus and on two cruises 
aboard the US National Oceanic and Atmos- 
pheric Administration’s Ronald H. Brown. He 
learned that big science, with its multifaceted 
programmes involving numerous institutions 
and countries, boils down to a small band of 
oceanographers tending to arrays of instru- 
ments over 24-hour watch schedules. 

Murphy focuses on the North Atlantic 
meridional overturning circulation (MOC) — 
of which the Gulf Stream is part — only briefly 
mentioning other areas of the ocean. The MOC 
causes warm waters from the top kilometre of 
the ocean to spread into the northern North 
Atlantic, where they cool and sink to return 
southwards; in the process, western Europe is 
warmed. Fear of a breakdown in the MOC in 
a warming climate is what motivates much of 
the big science of the North Atlantic. Past cli- 
mate patterns suggest that the MOC may slow 
during cool phases, not warm ones, but cause- 
and-effect issues need to be sorted out and a 
more global prospective is needed. Will global 
climate warming shut down the MOC and 
induce a cooling of northern Europe? I doubt 
it, but then the rapidly forced, anthropogenic 
modification of climate may not follow the 
same course as past natural changes. 
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Murphy effectively points out that although 
the ocean sciences are now more important 
than ever, funding is so inadequate that very 
few worthwhile projects receive support. 
Chasing grant money reduces research- 
ers’ productive time, and delays advances in 
understanding the sea; and the clock is ticking. 
Meanwhile, the public needs to know about 
the oceans, but oceanographers remain wary 


of media misrepresentation of their work. 
Meticulously following the waters of the Gulf 
Stream into the blue beyond, Murphy’s book 
gets it right. 

Arnold L. Gordon is professor of oceanography 
and associate director of the Division of Ocean 
and Climate Physics at the Lamont-Doherty 

Earth Observatory, Columbia University, 
Palisades, New York 10964-8000, USA. 


The invisible continent 


A tiny map of Africa, visible only with a microscope, represents a global paradox. 


Satellite pictures of Earth have 
become too familiar to inspire 
awe. But two Turin-based 
artists have been prompted 
by the large-scale view of our 
planet — and by that other 
world, at the molecular level, 
that nanotechnologists can 
now reveal and manipulate. 

Alessandro Scali from Turin, 
and Robin Goode, a South 
African, conceived Actual 
Size, the smallest ever map of 
Africa. The artwork is a tiny 
sliver of silicon just a thousand 
or so atoms wide, made with 
atomic force microscopy, and 
visible only with the same 
technique. It is one of the 
‘nanoartworks’ to be shown in 
the duo's first exhibition next 
month, as part of the Bergamo 
science festival in Italy. 

“We know from books 


that Africa is the cradle of 
humanity, and we can see 
from maps and the beautiful 
satellite images that Africa 
is vast and is at the centre of 
the world,” says Scali. "But we 
also know that Africa is poor, 
exploited, neglected.” The 
artists wanted to represent 
the paradox of Africa 
being geographically and 
anthropologically central to 
our world, yet unrecognized, 
unexplored, even ‘invisible’. 
Scali and Goode brought 
their concept to Fabrizio Pirri, 
a physicist at Turin Polytechnic 
University. Pirri's group turned 
its atomic force microscope 
— usually used for biomedical 
engineering — toa modern 
form of lithography. Through 
electrical interaction, the 
microscope's 10-nanometre- 
wide tip oxidized individual 
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atoms of the silicon to trace 
the shape of Africa. They 
made dozens of copies before 
obtaining the unique piece 
that satisfied the artists. 
For the exhibition, Scali and 
Goode have made poster-size 
copies of their work, which 
could otherwise only be seen 
in the lab. 

Asecond, larger version 
of Actual Size, as big as the 
point of a needle, will also 
be on show at Bergamo, and 
visible to visitors through 
a microscope. In this case, 
the scientists used a laser — 
which removes atoms through 
sublimation — to etch the map 
onto silicon. 
Emiliano Feresin is an intern in 
Nature's Munich office. 


The exhibition Nan°art runs 
2-21 October in Bergamo, Italy. 
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Forests and floods 


William F. Laurance 


One strategy for reducing catastrophic floods invokes protecting or regenerating forests that lie upstream 
of a threatened region. Support for this approach comes from a global-scale analysis of flood risk. 


Floods can be devastating, especially in devel- 
oping countries, which are already struggling 
to improve the welfare of their people. Floods 
in such countries during the 1990s took almost 
100,000 lives, displaced more than 300 million 
people and caused more than US$1 trillion in 
damage to properties’”. To mitigate flood- 
ing, several nations are investing in projects 
to restrict the loss of forests or to reforest 
cleared lands that lie upstream of a potential 
flood region. But these strategies are con- 
troversial. Some argue that the link between 
forests and flooding is too weak to justify the 
often large outlays needed to retain or recover 
forests’. In the journal Global Change Biology’, 
however, Bradshaw et al. provide strong 
correlative evidence that native forests do 
reduce the frequency and severity of floods in 
developing nations. 

Forests are thought to reduce flooding* by 
acting as sponges — that is, they trap water 
during heavy rainfall, then release it slowly 
into streams, which lessens the severity of 
floods and maintains stream flows during dry 
periods. Forests also increase the permeabil- 
ity of the soil and emit water vapour into the 
atmosphere through evaporation and transpira- 
tion, further reducing the run-off of rainwater’*. 
For these reasons, a nation such as Costa Rica, 
which places high value on natural-ecosystem 
services, and those such as China, India, Nepal 
and Bangladesh, which have been plagued 
by devastating floods (Fig. 1), have invested 
heavily in forest protection or reforestation. 

Yet this approach is contentious. Most nota- 
bly, a serious counterargument came from an 
influential report* published in 2005 by the 
Food and Agricultural Organization of the 
United Nations (FAO) and the Center for Inter- 
national Forestry Research (CIFOR) in Bogor, 
Indonesia. The analysis concluded that the 
evidence that forests reduce flooding is weak, 
especially for the largest and most devastating 
floods. The report suggested that retaining or 
regenerating large forest areas was an economi- 
cally dubious strategy for developing nations, 
at least from a flood-reduction perspective. 

Bradshaw et al.' step into the fray with a glo- 
bal-scale empirical analysis of the association 
between forests and flooding; earlier efforts had 


Figure 1 | Jiujiang, China, 12 August 1998. Local dyke defences in the Jiujiang region were overcome 
during a series of floods caused by relentless rain in the upper catchment of the Yangtze river. 


invariably examined much smaller catchment 
areas or regional scales. The authors evalu- 
ated flood frequency, duration and damage 
(the number of people killed and displaced, 
and estimated economic losses) from 1990 
to 2000 in 56 developing countries in Africa, 
Asia and Latin America. Using a battery of 
statistical models, they first controlled for con- 
founding factors such as country size, rainfall, 
topography, degraded land and soil-moisture 
regime, then evaluated the residual associations 
between native-forest cover and flooding. 
Their simplest and most realistic models 
account for more than 65% of the variability 
in flood frequency and duration, an impressive 
figure for such a vast, heterogeneous cross- 
section of Earth. Native-forest cover and the 
rate of forest loss account for 14% of this vari- 
ation, on average. Associations between forest 
cover and the damage caused by floods were 
weaker but still evident. Statistical simulations 
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suggested that arbitrarily removing a tenth of 
the remaining native forest would increase the 
frequency of floods by 4-28%, and lengthen 
their duration by 4-8%. The authors empha- 
size that assessment of flood risk is complex and 
fraught with confounding factors. But they say 
that their study shows the need for large-scale 
forest protection and more reforestation to help 
reduce the frequency and severity of floods. 

In my view, Bradshaw and colleagues’ paper’ 
will turn out to be a landmark study. But at least 
one point will provoke debate — their decision 
to exclude floods driven by extreme events, 
such as cyclones and typhoons, which they 
suggest can cause flooding “independently 
of landscape characteristics” such as forest 
cover. Their rationale is that massive storms 
can dump vast amounts of rainfall in just a 
few days. Even if upstream forests were intact, 
almost nothing could prevent downstream 
lowland areas from flooding. 
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The apparent inability of forests to buffer 
against extreme floods is one of the main 
arguments of the FAO-CIFOR team’, who 
assert that expensive efforts to reforest steep 
catchments in densely populated, monsoonal 
countries such as Nepal, India and Bangla- 
desh have been largely ineffective. Rather, they 
argue, investments would be better aimed at 
other measures, such as discouraging human 
settlement in flood plains, which can be 
devastated by flooding during monsoons. 
Bradshaw et al. side-step the issue of extreme 
flood events. But if nations are to be convinced 
that forests are valuable for reducing flooding, 
it will be necessary to show that they are of at 
least some benefit during the most catastrophic 
floods. In addition, the broad-brush approach 
of Bradshaw et al. cannot encompass all situ- 
ations. Because local conditions vary greatly, 
forests will surely be better at reducing floods 
in some areas than in others. 

Nonetheless, the study’s ambitious geo- 
graphical scope and statistical rigour make it 
persuasive. The findings add to other evidence 
that large expanses of native forest can have 
major benefits not only for reducing floods, 
but also for limiting wild fires, conserving 
biodiversity, and slowing regional and global 
climate change*°. Tropical forests, in particu- 
lar, are crucial for combating global warming, 
because of their high capacity to store carbon 
and their ability to promote sunlight-reflect- 
ing clouds via large-scale evapotranspiration’. 
Such features are key reasons why preserv- 
ing and restoring tropical forests could be a 
better strategy for mitigating the effects of 
carbon dioxide than dramatically expanding 
global biofuel production’®. 

Flood reduction is one area of environmental 
science in which the latest research is quickly 
invoked to justify land-management strategies, 
with all the pungent realities and controversies 
this implies. In a world facing potentially seri- 
ous shifts in rainfall, water run-off’ and storm 
regimes” from climate change, and where bur- 
geoning populations are increasingly forced to 
live in flood-prone areas, the stakes could not 
be higher. o 
William F. Laurance is at the Smithsonian Tropical 
Research Institute, Apartado 0843-03092, 
Balboa, Ancon, Panama. 

e-mail: laurancew@si.edu 
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Changed destiny 


Huafeng Xie and Stuart H. Orkin 


For practical and ethical reasons, researchers are on the lookout for ways 
to reprogramme one mature cell type into another. In one case, this 
might be as easy as switching off a single gene. 


The norm is for most undifferentiated, pro- 
genitor cells to irreversibly mature into one 
particular type of cell. But some cells, even 
after commitment to a specific fate, can acquire 
properties of an entirely different cell through 
a process called cellular reprogramming. 

Anin vitro example of reprogramming is the 
conversion of skin cells into cells with character- 
istics of embryonic stem cells by adding a small 
set of nuclear factors to them’. The molecular 
details of how reprogramming is carried out 
are not known. In this issue, Cobaleda et al.* 
(page 473) shed light on this mystery by showing 
that, within the blood system, mature B cells can 
be converted to functional T cells, and repro- 
gramming is achieved by B cells taking a step 
backwards to assume a more immature state. 

As progenitor blood cells embark on their 
maturational path, the developmental options 
available to them become progressively more 
limited®. Lineage commitment is principally 
controlled by transcription factors that act 
as master regulators. Examples of these 
include PU.1 and C/EBPa, which control the 
commitment of myeloid cells; GATA-1 and 
FOG-1, which are involved in the develop- 
ment of erythrocytes and megakaryocytes; and 
Notch-1, GATA-3 and Pax5, which mediate 
T- and B-cell development. 

Conventional wisdom holds that once a cell is 
committed to a given lineage through the con- 
certed actions of transcription factors and epi- 
genetic modifications to chromatin (complexes 
of DNA and histone proteins), its fate is sealed. 
In recent years, however, the unidirectional 
nature of differentiation has been questioned 
after reports that cells of the blood lineage are 
more ‘plastic than previously thought — that 
is, through various manipulations, they can 
be reprogrammed to a different lineage®. The 
fate of blood cells can be altered by introduc- 
ing specific transcription factors not normally 
expressed in them. For example, introducing 
C/EBPa into B or T cells converts them into 
functional macrophages”. GATA-1 can also 
reprogramme common B and T progenitor 
cells into megakaryocytic/erythroid cells’. 

In principle, cellular reprogramming 
may proceed in one of three ways: by de- 
differentiation to a progenitor stage, followed 
by differentiation along a different route; by 
direct transdifferentiation from one lineage 
to another; or through a process involving 
both de-differentiation and transdifferentia- 
tion (Fig. 1). 

In transdifferentiation, a new developmental 
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programme is established before the original 
one is terminated. And so cells pass through 
a stage in which they show characteristics of 
two lineages. For example, during the process 
of C/EBPa-induced reprogramming of B and 
T cells to macrophages, cells pass through an 
intermediate stage”*. In a subset of these inter- 
mediate cells, macrophage characteristics are 
dominant and switch off mechanisms that 
maintain B- and T-cell characteristics. 

Expression of a master regulator is not the 
only way a cell’s fate can be altered; loss of these 
regulators may also result in cellular plasti- 
city. Whether this takes place through a trans- 
differentiation or a de-differentiation route 
is not known. For example, loss of Pax5 halts 
development of the B-cell lineage at the earli- 
est (progenitor B cell) stage’*"". In cell culture 
or after transplantation into irradiated hosts 
(whose normal blood-cell progenitors are 
destroyed), Pax5-deficient B-cell progenitors can 
mature into all blood lineages such as myeloid 
and T cells — except B cells'”"’. In mature B cells, 
inactivation of the PaxS5 gene results in B-cell 
loss through an unknown mechanism”. 

Cobaleda et al.‘ now show that, in mice, 
loss of Pax5 in mature B cells leads to a type 
of transplantable cancer known as malignant 
lymphoma in which blood cells show charac- 
teristics of progenitor cells. However, mature 
B cells are still present in the secondary 
lymphoid organs (such as lymph nodes and 
spleen) of these animals. When transplanted into 
mice that lack all lymphocytes (B cells, T cells 
and natural killer cells), B cells that lack Pax5 
efficiently generate T cells by first reverting to 
pro-B cells. The authors confirm the ‘durabil- 
ity’ of the reprogrammed B cells by showing 
that, when purified pro-B cells from recipient 
mice are transplanted into secondary recipient 
mice, they can still support T-cell development. 
The newly acquired T cells in the recipient 
mice were found at all stages of development, 
with the overall frequency of each subpopu- 
lation showing its usual distribution. Impor- 
tantly, the reprogrammed subpopulation of 
mature T cells was functional, responding to 
antigen stimulation. 

The work of Cobaleda and colleagues clearly 
indicates that, in the context of Pax5-deficient 
B cells, cellular reprogramming takes place 
through de-differentiation. It also raises many 
questions. For example, is de-differentiation 
an essential step in cellular reprogramming? 
If so, must cells return to an uncommitted, 
‘ground’ state, or is direct reprogramming 
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Figure 1| Ways of 


cellular reprogramming. 


a, It is possible that a 
mature cell lineage 
(X) de-differentiates 
towards an 
uncommitted 
progenitor from 
where it would 

follow a different 
developmental path to 
eventually become — 
through a different set 
of precursor stages — a 
mature cell of another 
lineage (Y). Cobaleda 
et al.’ find that this is 
the process through 
which Pax5-deficient 
mature B cells give rise 
to mature T cells. 

b, Alternatively, mature 
X cells might directly 
transdifferentiate 

into precursor or 
mature Y cells. A 
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third route might 
involve simultaneous 
de-differentiation and 
transdifferentiation. 


from intermediates possible? Cellular repro- 
gramming, in contrast to nuclear reprogram- 
ming in eggs, which occurs within hours, 
is inefficient and takes considerable time 
(several days to weeks). So what is the sequence 
of molecular events leading to reprogram- 
ming? What are the rate-limiting steps? 


Precursor 


Precursor Mature cell of 
i] X lineage 


Do T cells derived from de-differentiated 
B cells carry epigenetic marks of their 
B-cell heritage or are these replaced by marks 
characteristic of T cells? Can mature B- 
cell-derived T cells return to the B line- 
age upon expression of Pax5, or will they 
form T-cell lymphoma cancers, which occur 


when Pax5 is uncharacteristically expressed in 
normal T cells? 

Another question is whether there are mech- 
anisms used both in B-cell conversion to other 
lineages and in the reprogramming of skin 
cells to an embryonic state, as seen in earlier 
studies'*. Comparative analysis of reprogram- 
ming in different cell systems should further 
our understanding of the molecular events 
crucial to the process, and suggest strategies 
for enhancing the efficiency of converting one 
lineage to another. Such insights will, in turn, 
make the alteration of cell fates using modula- 
tion of gene expression and the generation of 
a specific cell population possible, which is a 
primary goal of regenerative medicine. a 
Huafeng Xie and Stuart H. Orkin are in the 
Department of Pediatric Oncology, Dana Farber 
Cancer Institute, Boston, Massachusetts 
02115, USA. 
e-mail: stuart_orkin@dfci.harvard.edu 
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NUCLEAR PHYSICS 


A non-disappearing magic trick 


Ragnar Bengtsson and Peter Moller 


Well-established models of nuclei describe properties such as shells and 
magic numbers. But how do these predictions stand up to scrutiny for 
exotic, unstable nuclei? Pretty well, according to the latest study. 


Of the very many atomic isotopes that could 
possibly exist in nature, only a few hundred are 
actually stable — just a handful, on average, 
for each chemical element. No stable isotope 
exists at all beyond bismuth (proton number 
Z = 83), although some isotopes of thorium 
(Z = 90) and uranium (Z = 92), with half-lives 
in the billions of years, come close. The rest 
are unstable. But even though these elements 
might exist for only a fraction of a second 
before decaying to something more stable 
(often through a sequence of reactions), they 
are not uninteresting: unstable isotopes pop 
up not just in the ashes of man-made nuclear 
reactors, but also in stars including the Sun, 
and in exploding supernovae. Writing in Phys- 
ical Review Letters, Seweryniak et al.’ report 
a breakthrough in understanding the proper- 


ties of one group of highly unstable nuclei near 
the tin isotope '*’Sn. This isotope has both a 
Z of 50 and a neutron number N of 50. 

This conjunction is significant. The context 
is nuclear ‘magic numbers’ — values of Z and N 
at which many nuclear properties, which else- 
where vary smoothly, change suddenly and 
drastically. These jumps are associated with the 
largest deviations in experimental nuclear bind- 
ing energies — the energy needed to break up a 
nucleus into individual, well-separated protons 
and neutrons (nucleons) — from values pre- 
dicted by the simple, but remarkably accurate, 
liquid-drop model. This model predicts nuclear 
binding energies of about 8 megaelectronvolts 
(MeV) per nucleon, but with significant varia- 
tions throughout the nuclear chart. 

Fora heavy nucleus, the total binding energy 
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approaches 2,000 MeV, and the liquid-drop 
model predicts the values to an average accu- 
racy of about 3 MeV. But at the magic num- 
bers (which are Z = 2, 8, 20, 28, 50 and 82, and 
N= 2, 8, 20, 28, 50, 82 and 126) the observed 
total binding energies are up to 10 MeV higher 
than predicted by the liquid-drop model. These 
nuclei are thus significantly more stable than 
the norm. 

In 1950, Maria Goeppert-Mayer and Hans 
Jensen’ showed that these magic numbers 
could be extracted from the solutions to an 
appropriate microscopic, quantum-mechani- 
cal Schrodinger equation. The form of this 
equation assumed a system of nucleons that 
was governed by a ‘single-particle potential’ 
coupled with a strong spin-orbit force. The 
solutions to this equation predicted many other 
nuclear properties, in particular the observed 
energies of excited states and their quantum 
numbers. In this, the first nuclear-shell model, 
magic numbers represented points of particular 
stability that were obtained when a shell con- 
taining a set number of nucleons became full. 
This outstanding theoretical achievement won 
Goeppert-Mayer and Jensen a share of the 1963 
Nobel Prize in Physics. 

Because both its Zand its N are 50, ‘Sn isin 
fact doubly magic. In this respect, it is in rather 
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exclusive company: only eight other 


doubly magic nuclei are known to 1205 
exist. Five of the nine — “He, '°O, 
“Ca, “°Ca and *"*Pb — are stable. aed 
Spectroscopic data from these 3 ao 
nuclei were central to the develop- £ 
ment of the nuclear-shell model. But = 604 
being doubly magic doesn't auto- 3s 

a. 


matically confer stability. Far from 
the central axis of the long, thin strip 
of the nuclide chart (Fig. 1), nuclei 
are increasingly unstable, and tend, 


100Sn 1325 


As Seweryniak et al. | show, 
things are looking rather good 
for the models. First, most 
microscopic model calculations 
— including the original models 
of Goeppert-Mayer and Jensen” 
— that were published before any 
data were known for '°°Sn and adja- 
cent nuclei, predicted the order of 
nuclear energy levels above N = 50 
that these authors now find, which 
correspond to the ground state and 


through B-decay, to move towards 
the central line (the ‘line of B-sta- 
bility’). Being doubly magic does, 
however, make a nucleus longer- 
lived than the nuclei around it. Of 
the remaining four doubly magic 
nuclei, two are nickel isotopes, Ni 
and ’*Ni, which have -decay half- 
lives of 6 days and 110 milliseconds, 
respectively. The other two are tin 
isotopes: ‘*’Sn, with a half-life of 
40 seconds; and '°°’Sn, studied by 
Seweryniak and colleagues, with a 
half-life of 1 second. 

Of these isotopes, *°Ni is only two neutrons 
away from its nearest stable isotope, 58Ni, and 
‘Sn is four protons away from its nearest 
stable isotope, ®6Xe. In both cases, single-par- 
ticle energy levels (which can be occupied by 
a nucleon excited to a higher energy state) 
have been observed experimentally for sev- 
eral decades. For the truly exotic nuclei, "Sn 
(nearest stable isotope 8 protons away) and 
’8Ni (8 neutrons away), no spectroscopic data 
had been available. These nuclei are hard to 
produce, and were first detected only in the 
1990s. But as Seweryniak et al,! point out, 
better assessment of the characteristics of these 
systems would be very useful, in particular to 
test whether predictions of magic numbers and 
the order of single-particle levels obtained in 
models with the standard spin-orbit force’ are 
still valid this far from stability. 

Some idea of the significance of these nuclei 
can be gained from Figure 1, which depicts 
the deviation of nuclear binding energies 
from those predicted by the macroscopic 
liquid-drop model. Here, the four doubly 
magic nuclei heavier than *’Ni rise as isolated 
mountain peaks above the vast expanse of the 
liquid-drop-model landscape. The isotope 
'°Sn lies just inside the proton drip line — the 
boundary beyond which a nucleus decays more 
or less instantaneously by emitting a proton 
— and is the heaviest-known doubly magic 
nucleus that has an equal number of protons 
and neutrons. 

Across the valley of B-stability, *Nilies on the 
other, neutron-rich side. It is especially interest- 
ing as it is the only doubly magic nucleus that 
lies at a point where it is susceptible to so-called 
r-processes. These are a succession of nucleo- 
synthesis reactions, consisting of repeated steps 
of neutron capture and B-decay that plot a zig- 
zag course through the nuclide chart. These 
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Figure 1| The microscopic nuclear landscape. This depiction of 
‘microscopic corrections across the nuclide chart shows the nuclear binding 
energy of individual nuclides calculated in a modern model that combines 

a macroscopic approach (the liquid-drop model) with microscopic nuclear- 
shell models originally proposed by Goeppert-Mayer and Jensen’. To allow 
variations in the microscopic effects to be clearly visible — despite their 
importance to nuclear stability, they amount to a maximum of around 

10 MeV relative to a total nuclear binding energy of up to 2,000 MeV in 
heavy systems — the binding energy given by the macroscopic model is not 
included. Great mountain peaks in the microscopic contributions manifest 
themselves at doubly magic proton and neutron numbers — among them 
1Sn, the subject of Seweryniak and colleagues’ interest’. 


processes are thought to be responsible for 
creating most isotopes heavier than zinc 
(Z = 30) on the neutron-rich side of B-stability 
when they occur in core-collapse supernovae. 
The single-neutron levels in the nuclear 
shell that is filled between the magic numbers 
N=50and N = 82 are known as hole states in 
'°Sn, because they are revealed by removing a 
neutron. They are called particle states in "Sn, 
because a neutron must be added to reveal 
them. A reliable theoretical model should be 
able to describe how the energies of these states 
differ between these two nuclei. In the future, 
when spectroscopic data become available 
for “Ni, similar comparisons could be made 
between ‘Sn and “Ni, and between “Ni and 
**Ni. For a model to give reliable predictions of 
the properties of nuclei along the r-process path 
or in the region of superheavy elements around 
Z=114, it should at least pass these tests. 


first excited state of Sn. Second, a 
mass excess of —56.8 MeV for "Sn, 
calculated in 1975°, is in excellent 
agreement with the experimental 
value of -56.78 + 0.71 MeV. Results 
of several other microscopic mass 
calculations also agree with this 
mass measurement to within 
1 MeV orso. The accuracy of these 
mass predictions indicates that 
the magnitudes of the magic 
level gaps at N = Z = 50 were also 
correctly predicted. 

It is sometimes speculated that 
conventional magic numbers disappear far 
from stability. And yet where, as for '*°Sn, 
nuclear properties are found to be as predicted 
by a simple 50-year-old model’, that charge 
can hardly be made to stick. But further data, 
particularly from spectroscopy, on the neutron- 
rich side near ’*Ni will be needed to deliver a 
final verdict. o 
Ragnar Bengtsson is in the Division of 
Mathematical Physics, Lund Institute of 
Technology, Lund University, Box 118, SE-22100 
Lund, Sweden. Peter Moller is in the Theoretical 
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EVOLUTIONARY BIOLOGY 


Development with a bite 


P. David Polly 


Predictions drawn from experiments on the growth of molar teeth in 
mice, and applied to a wide range of related species, provide a remarkable 
connection between developmental and evolutionary biology. 


Palaeontologists know that mammals have 
lost and gained teeth in a regular evolutionary 
pattern: incisors from the back of the incisor 
series, premolars from the front of the pre- 
molar series, and molars from the back of the 
molar series (Fig. 1, overleaf). They also know 
that teeth in those series typically grade in size 
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in the same directions. And they know that 
it is rare that a species evolves more molars 
than the ancestral number of four in marsupial 
mammals or three in placental mammals. On 
page 427 of this issue, Kavanagh et al. describe 
a simple developmental cascade system that is 
eerily accurate in predicting the number and 
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50 YEARS AGO 
Modern technology is 
confronting us with an 


exceedingly perplexing biological 


problem... It is the problem of 
how men and communities 

can adapt themselves to an 
environment which is changing 
with unprecedented speed 
[and] confronts teachers of all 
kinds at every level of education. 
One aspect of it — the higher 
education of technologists — 
is...specially important because 
technologists are now becoming 
the pacemakers for social 
change... The technologist is up 
to his neck in human problems 
whether he likes it or not. Take 

a simple example: the civil 
engineer who builds a road into 
anew territory in tropical Africa. 
He may assert that it is not his 
business to take into account 
the effect his road will have on 
primitive villages up-country... 
but he cannot afford to be utterly 
ignorant of the implications of 
his work. 

From Nature 28 September 1957. 


100 YEARS AGO 

“Food inspection and 
adulteration” — [A] more drastic 
and far-reaching enactment 

is just now coming into force 

in the United States, and the 
working of one of its provisions 
in particular will be watched with 
much interest in this country. Its 
effect is to ensure that articles of 
food and drugs shall be labelled 
so as to show the purchaser, 
within limits, exactly what the 
articles are. The description 
must not be “false or misleading 
in any particular,” whether as 

to composition, quality, origin, 
or what not. Thus an article 
must be stated on the label to 

be “prepared with glucose,” 
“coloured with sulphate of 
copper,” “dyed with aniline dye,” 
or to be “composed of fragments 
and scraps from a mushroom 
cannery,” and so on, as the case 
may be. Moreover, in the case 

of certain drugs — morphia, 
cocaine, chloral, chloroform, and 
others — the proportions must 
always be stated on the label. 
From Nature 26 September 1907. 
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Figure 1| Dentition of a placental mammal. This example — the lower teeth of a grey fox — shows the 


three-molar dental phenotype typical of placentals. 


relative sizes of the molar teeth, so explaining 
how these seemingly arbitrary palaeontologi- 
cal observations are related to one another 
(K. D. Kavanagh, A. R. Evans & J. Jernvall 
Nature 449, 427-432; 2007). 

Embryonic molar teeth start as buds that 
spring from the dental lamina, a ribbon of 
epithelial tissue that runs parallel to the future 
tooth row. Buds initiate anterior-to-posterior, 
with the dental lamina growing in the same 
direction. Kavanagh et al. show experimentally 
that signalling molecules produced by develop- 
ing mouse molars inhibit the development of 
subsequent buds. The balance between these 
inhibitors and activator molecules from the 
surrounding tissue determines when and if 
an additional molar will form. The higher the 
ratio of activator to inhibitor (a/i), the more 
rapidly molar buds will be added to the tooth 
row. And the more rapidly buds are added, the 
more there are and the bigger they get, mean- 
ing that a/i is a predictor of the relative sizes of 
the molar teeth (Fig. 2). 

Using tooth buds growing in cell culture, 
Kavanagh and colleagues demonstrate these 
points by cutting the dental lamina behind the 
developing first molar. This interrupts the flow 
of inhibitors and allows the second molar to 
initiate earlier and grow to a larger size than 
normal. The inhibitor and activator molecules 
involved are probably the same as those active 
in the development of an individual tooth 
crown, such as Ectodin, Follistatin, Bmp3, 
Bmp4 and Activin BA. 

If this developmental system is shared by all 
mammals, different dental phenotypes could 
be generated simply by varying the a/i ratio. 
Kavanagh et al. argue that the system has influ- 
enced the evolution of functional diversity in 
mammalian dentition. To test that possibility, 
they compile data on the proportional area of 
the molars of 29 species of murine rodents — 
close relatives of the mice in which the authors 
discovered the regulatory system. 

The predictive mathematical model they 
derive from the developmental experiments 
explains nearly 75% of the diversity in molar 
proportions in these rodents. No species falls 
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far from the predicted proportions. The axis of 
dietary specialization parallels the axis of a/i, 
with herbivorous species at the activator heavy 
end of the developmental spectrum (where 
posterior molars are bigger than anterior ones) 
and animal-eating species at the inhibitor heavy 
end (where anterior molars are bigger). The 
authors convincingly argue that selection for 
diet may often act on the proportional expres- 
sion of activators and inhibitors to produce a 
well-adapted dental phenotype. 

The predictive power of their model is 
impressive, but will it hold for all mammals? 
From my further analyses, the answer is 
a qualified ‘yes. The results are shown in 
Figure 3, which depicts the ‘morphological 
space’ (morphospace) for different combina- 
tions of relative molar size. Nearly 70% of the 
variation from 35 additional species, repre- 
senting 13 mammalian orders, is explained by 
Kavanagh and colleagues’ model. 

These new data probe the boundaries of their 
model by including species with phenotypes 
they did not test: marsupials (which typically 
have four molars); the bat-eared fox (an unusual 
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Figure 2 | Predictions of Kavanagh and 
colleagues’ developmental model. The molar 
teeth — M1, M2 and M3 — develop from the 
front to the back. The size of the teeth are 
proportional (p) to the ratio of activator to 
inhibitor (a/i) molecules. Low a/i results in 
larger posterior molars, and high a/i results in 
larger anterior molars (like the ones shown here). 
Regardless of a/i, M2 will have an absolute size 
that is one-third of the combined size of all the 
molars (in species with three molars). 
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placental mammal with four molars); six extinct 
species (some as old as 55 million years); and 
species in which the first molar is much smaller 
than the second, which is in turn much smaller 
than the third (M1<<M2<<Ms3). All of these 
extreme phenotypes fall within the areas of 
morphospace consistent with Kavanagh and 
colleagues’ model (the white areas of Fig. 3). 
Furthermore, plant-eating species tend to be in 
the high-a/i region, where M1<M2<M3 (upper 
white area), and animal-eating species tend to be 
in the low-a/i region, where M1>M2>M3 (lower 
white area), paralleling the pattern that Kavan- 
agh and colleagues found in rodent species. 

Areas of morphospace that are not consistent 
with their model are sparsely occupied (see the 
coloured areas in Fig. 3). Three species of bear 
fall deep in the region where M1<M2>M3, a 
pattern that Kavanagh et al. say requires early 
arrest of M3 development in addition to a 
decrease in inhibition. The horse falls (mar- 
ginally) into the region where M1>M2<M3, 
which Kavanagh et al. say is the developmen- 
tally least likely phenotype. Members of the 
raccoon family, which have only two molars, 
are also an exception because their M2 is more 
than half the size of M1, larger than expected 
for animals that have lost M3. 

Few developmental models derived from 
a single species are able to predict quantita- 
tive phenotypic variation across such huge 
evolutionary distances with such accuracy 
as does Kavanagh and colleagues’ model. But 
tests need not end here. The model allows a/i 
to be estimated from the dental phenotypes 
of both extant and extinct species, and to 
be tested in the lab for extant species. The 
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Figure 3 | Molar proportions in developmental ‘morphospace'’. Data from 35 species, compiled from 
my own measurements of specimens in the Indiana University Zooarchaeology Laboratory, show 
that Kavanagh and colleagues’ model can largely account for patterns of molar-size proportions in 
mammals. The white region is consistent with their model; the broken line is the relationship they 
predicted. The bat-eared fox and opossum fit the model despite having four molars. Three species of 
bear do not fit the model (in that early arrest of M3 development is required in addition to a change 
in a/i); nor does the horse (though there is no obvious explanation for this). The raccoons have a 
proportionally larger M2 than expected for species without an M3. 


study of signalling in raccoons or bears should 
reveal an interesting pattern of tooth-bud 
activation, inhibition and growth that devi- 
ates from Kavanagh and colleagues’ findings 
in mice. a 
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QUANTUM PHYSICS 


Qubits ride the photon bus 


Antti O. Niskanen and Yasunobu Nakamura 


Quantum mechanics using whole electrical circuits might seem a 
far-fetched idea. But make the circuits superconducting, and they can be 
used to send and collect single photons, rather like atoms do — only better. 


The interaction of light and matter is all 
around us: we can see the objects that sur- 
round us only because their constituent atoms 
continuously emit and absorb electromagnetic 
radiation. Not only visible light, but everything 
from y-rays through to radio waves, and even 
the alternating fields of power lines and the 
gigahertz signals inside a digital computer, 
are manifestations of fundamentally the same 
thing at different energy scales — the propaga- 
tion of the discrete packets of electromagnetic 
energy known as photons. 

In most situations, the presence or absence 
ofa single photon does not make a noticeable 
difference to what happens. But this is not so in 
the nascent field of quantum computing, and 


that explains the significance of two papers in 
this issue, by Sillanpaa et al. (page 438)' and 
Majer et al. (page 443)”. These authors describe 
experiments in which single photons trans- 
fer quantum information between relatively 
distant quantum bits (qubits) in a nanofab- 
ricated circuit held at a low temperature, so 
that the circuit loses its electrical resistance. 
Taken together with a closely related paper 
by Houck ef al. in last week’s issue*, which 
recounted how such superconducting circuits 
can be used to produce single photons on a 
chip, these papers represent confident steps 
towards the ultimate goal of a viable, large- 
scale quantum computer. But they also stand 
on their own as wonderful examples of how 
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science can mimic the ubiquitous natural inter- 
actions between atoms and light. 

In principle, a serviceable quantum com- 
puter needs a collection of fully controllable 
qubits. A qubit can be represented by pretty 
much anything physical that can form a 
system of two states (representing 0 and 1) 
and behaves according to quantum theory. 
In practice, this means that the system must 
be as completely isolated from everything as 
possible. The most obvious choice for a qubit is 
one of nature’s own-brand offerings — be they 
ions, atoms, molecules, electrons or photons. 
These microscopic objects can often be well 
isolated from their surroundings, but are quite 
difficult to control. 

Despite their macroscopic size, specially 
designed electrical circuits provide a promising 
alternative basis for a quantum computer: their 
parameters can be adjusted, individual controls 
and measurements are relatively simple, and 
the system size can be scaled up. An essential 
ingredient for quantum computers is the ability 
to control the interactions between individual 
qubits for a ‘universal entangling operation to 
intertwine their quantum states. Qubits should 
be able to couple strongly, but they should also 
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GENOMICS 
Vine work 


The draft genome sequence of 

Vitis vinifera, the grapevine, 
described in this issue, provides 
plenty of scope for discussion over 
aglass of its fermented product. 
The sequence was published online 
on 26 August and now appears in 
print (The French-ltalian Public 
Consortium for Grapevine Genome 
Characterization Nature 449, 
463-467; 2007). 

The grape variety concerned is 
Pinot Noir, the classic red grape of 
Burgundy. But the vine sequenced 
does not produce exactly the 
same grape as that grown in the 
vineyards. The consortium chose 
to sequence a variety called 
PN40024, which has been bred 
by successive self-crossings to 
reduce the high degree of sequence 
variation that is characteristic of 
all grapevine varieties. The inbred 
strain allows efficient assembly 


of a high-quality sequence from 
whole-genome shotgun sequence 
data. In the shotgun technique the 
DNA is broken into many small 
fragments for sequencing and then 
reassembled from overlapping 
sequences. 

The resulting genome sequence 
carries the imprint of millennia 
of selective breeding. For 
example, there are 116 genes and 
pseudogenes for terpene synthases, 
almost three times the number in 
the other three plant genomes so 
far sequenced. These enzymes 
synthesize the terpenoids that 
contribute to the aroma and flavour 
of wines, and pathways associated 
with tannins are similarly amplified. 

Less obviously a target of 
selectivity are the genes that control 
the synthesis of resveratrol, the 
antioxidant credited with the health 
benefits claimed for moderate 


consumption of red wine. Yet there 
is amodest expansion, compared 
with the other sequenced plants, 
of the stilbene synthase genes 
associated with resveratrol 
synthesis. 

So can we look forward to 
genetically engineered ‘designer’ 
wines? Probably not. There is 
a market for new grapes, as 
exemplified by Cabernet Sauvignon 
clone 337, which is gaining ground 
in California's Napa Valley. But 
the flavour and aroma of wine 
depend on many other factors, 
such as growth conditions and 
production methods. And when 
it comes to producing wines with 
greater health-giving properties, 
the prospect sounds too good to 
be true. So it probably is. However, 
grapevines are notoriously 
susceptible to pathogens and 
stresses, such as drought, that 
other Vinus species can resist. 

The availability of this genome 
sequence should speed up progress 
on introducing the appropriate 


resistance into economically 
important varieties of V. vinifera. 
With one grapevine genome 
sequenced, the way is clear for 
comparative oenogenomics. Yet 
when it comes to taste, perhaps the 
differences between a Pinot Noir 
with earthy and berry notes anda 
spicy or blowsy Gewurztraminer are 
best left to the realms of individual 
taste and a good thesaurus. 
Charles Wenz 


efficiently decouple. This is where the new 
work comes in!”, as it demonstrates how an 
on-chip photon field can act as a ‘bus; or con- 
duit, for quantum information, thus allowing a 
pair of distant qubits to interact at will. 

Sillanpaa and colleagues’ qubits’ are care- 
fully designed, micrometre-sized elements of 
a superconducting circuit. These elements are 
coupled to opposite ends of an on-chip electri- 
cal resonator, or ‘cavity, in which a standing 
electromagnetic wave of several millimetres’ 
wavelength is established. Using an external 
source of microwave light, the authors first pre- 
pared one of their qubits in a superposition of 
its ground and first excited energy states. They 
then transferred this state to the photon field 
in the adjacent cavity — the bus. Finally, at the 
other end of the bus, they mapped the state of 
the photon field to the state of another qubit 
initially in its ground state. A further universal 
entangling operation between qubits could be 
achieved with extra tricks involving ‘visits’ to 
either higher qubit energy levels or larger num- 
bers of photons. Such tricks are often applied 
in similar experiments in systems that use 
trapped-ion vibrations, rather than photons, 
as the bus medium’*”. 

Majer and colleagues’ work’ is similar, but 
comes with an additional twist. They also can 
carry out quantum-state transfer over a large 
distance, but in their case they never actually 
excite the intermediate photon field. Instead, 
they use ‘virtual photons, which are very weak 
perturbations of their cavity’s quantum light 
field. This sleight-of-hand allows the authors 
to carry out a universal entangling operation 


ona pair of distant qubits, without disturbing 
the bus itself. 

Houck et al.’ performed complementary 
work by demonstrating a ‘single-photon gu’ 
that generates forwards-flying photons, instead 
of photons confined in a cavity, that have a 
well-defined phase of oscillation. They did 
this by first preparing an arbitrary quantum 
state in a superconducting qubit tightly cou- 
pled to a cavity. They then allowed the qubit to 
decay spontaneously, so that it emitted a single 
photon into a transmission line for microwave 
light. Convincing data from quantum-state 
tomography of both the qubit and the photon 
show how the qubit’s initial state is transferred 
to the photon. 

A great advantage of recent circuit archi- 
tectures that exploit such ‘cavity quantum 
electrodynamic (cavity QED) approaches® ® 
has been that the interaction between a super- 
conducting qubit and a cavity can be much 
larger than the equivalent coupling between a 
real atom and a cavity. In addition, there is in 
principle room for hundreds of qubits on the 
same chip. Because any pair of qubits can be 
coupled, implementing algorithms and error- 
correction codes’ in a quantum computer will 
be significantly easier. One can also speculate 
that flying qubits such as those demonstrated 
by Houck et al.’ could be used to communicate 
between chips for a further scaling up. 

But once qubits have been coupled using 
a photon field as a bus, how well can they be 
decoupled? One way to do this would be to 
ensure that the qubit excitation frequency is 
different from the resonance frequency of the 
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cavity. This can help to suppress the coupling 
between the qubits and the cavity, but might 
not be enough for long timescales and for many 
qubits. A possible future direction would be to 
combine the best features of cavity-bus archi- 
tectures and ‘nonlinear parametric couplers”, 
which provide both tunable coupling and 
better isolation in their ‘off’ state. 

A big remaining unknown is whether the 
lifetimes of complicated multi-qubit states can 
be made long enough for practical quantum 
computing. Nevertheless, the latest experi- 
ments’ * on cavity—qubit interactions add sig- 
nificantly to the already large body of evidence 
showing that even relatively macroscopic 
objects can behave purely according to the laws 
of quantum physics — with all the promise that 
that holds for large-scale applications. a 
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Taking dendritic cells into medicine 


Ralph M. Steinman’ & Jacques Banchereau” 


Dendritic cells (DCs) orchestrate a repertoire of immune responses that bring about resistance to infection and silencing or 
tolerance to self. In the settings of infection and cancer, microbes and tumours can exploit DCs to evade immunity, but DCs 
also can generate resistance, a capacity that is readily enhanced with DC-targeted vaccines. During allergy, autoimmunity 
and transplant rejection, DCs instigate unwanted responses that cause disease, but, again, DCs can be harnessed to silence 
these conditions with novel therapies. Here we present some medical implications of DC biology that account for illness and 


provide opportunities for prevention and therapy. 


mmunology is a major force in medicine. It is needed to under- 

stand how prevalent diseases (Fig. 1) come about and how to 

develop preventions and treatments. This broad reach of the 

immune system reflects its two functions: to recognize diverse 
substances termed antigens, and to generate many qualitatively dis- 
tinct responses. Dendritic cells (DCs), named for their probing, tree- 
like or dendritic shapes (from the greek ‘dendron’, meaning tree)! 
(Fig. 1), are pivotal for both recognition ofa universe of antigens and 
control of an array of responses. 

Previously, we reviewed some biological features of DCs’. Here we 
illustrate medical implications of DCs, which control a spectrum of 
innate and adaptive responses. Innate immunity encompasses many 
rapid reactions to infection and other challenges’. Adaptive immun- 
ity, in contrast, is learned or acquired more slowly, in days to weeks; it 
has two hallmarks—exquisite specificity for antigens, and a durable 
memory to develop improved function on re-exposure to antigen. 
Adaptive responses are either immunogenic, providing resistance in 
infection and cancer, or tolerogenic, leading to silencing as is desirable 
in transplantation, autoimmunity and allergy. To date, the successes 
of immunology in the clinic have largely been based on antibodies 
made by B cells, but T-cell-mediated immunity, which has enormous, 
yet untapped, therapeutic potential, will be stressed here. 

DCs are specialized to capture and process antigens in vivo**, 
converting proteins to peptides that are presented on major histo- 
compatibility complex (MHC) molecules and recognized by T cells. 
DCs also migrate to T-cell areas of lymphoic organs, where the two 
cell types interact to bring about clonal selection® *. The DC system is 


e Infection 
¢ Cancer 
¢ Transplantation 


e Autoimmunity and 
chronic inflammation 


e Allergy 


e Vaccines 


Figure 1| One of the first views of DCs in mouse spleen’ (reproduced with 
permission from The Journal of Experimental Medicine; copyright 1973 
Rockefeller University Press) and the conditions in which DCs and the 
immune system are most studied. 


thus designed to harness the recognition repertoire of T cells, 
consisting of billions of different lymphocytes, each with a distinct 
but randomly arranged antigen receptor. This repertoire in turn 
represents a virtually infinite ‘drug library’ for specific therapies that 
increase or decrease T-cell function. 

Following clonal selection, DCs control many T-cell responses. 
Antigen-selected T cells undergo extensive expansion, a thousand- 
fold or more, as a result of division at a rate as high as 2-3 cell cycles a 
day’. Clones of lymphocytes are also subject to silencing or tolerance 
by so-called ‘tolerogenic DCs’’’, which either eliminate (delete)”"° or 
block (suppress) T cells''. If deletion is avoided, the clone undergoes 
differentiation to bring about an array of potential helper, killer and 
suppressive activities. For example, under the control of DCs, helper 
T cells acquire the capacity to produce powerful cytokines like 
interferon-y to activate macrophages to resist infection by facultative 
and obligate intracellular microbes (T helper (Ty)1 cells)'*""s or 
interleukin (IL)-4, -5 and -13 to mobilize white cells that resist hel- 
minths (T};2 cells)'°; or IL-17 to mobilize phagocytes at body surfaces 
to resist extracellular bacilli (T}17 cells)'®. Alternatively, DCs can 
guide T cells to become suppressive by making IL-10 (T regulatory 
(Treg) cells)" or by differentiating into FOXP3"* cells!'. Finally, DCs 
induce the T-cell clone to acquire memory, allowing it to persist for 
prolonged periods and to respond rapidly to a repeated exposure to 
antigen’*"’, 

There are four specialized features (Fig. 2) of DCs that contribute 
to their capacity to control T-cell recognition and responsiveness 
and, in turn, either prevent or generate disease. Recent advances in 
DC biology are outlined in Boxes 1-4. Briefly, (1) DCs are positioned 
to capture disease-causing antigens and to present these to lympho- 
cytes in lymphoid organs”°””’, the sites for the generation of immun- 
ity and tolerance; (2) DCs have an endocytic system that is dedicated 


Dendritic cells 


Maturation or differentiation 
in response to microbial and 
other stimuli 


Antigen uptake receptors 
and processing pathways 
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surfaces and in the T-cell 


areas of lymphoid organs T cells 


and other lymphocytes 


Figure 2 | Innate features of DCs, each an intricate subject. 
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Box 1| Location of DCs 


DCs are a uniquely positioned, prime target for disease-relevant 
stimuli. DCs are abundant at body surfaces like the skin, pharynx, 
upper oesophagus, vagina, ectocervix and anus, and at so called 
internal or mucosal surfaces, such as the respiratory and gastro- 
intestinal systems?'. DCs actually extend their processes through the 
tight junctions of epithelia, which probably involves DC expression of 
the tight junction proteins claudins and occludins, without altering 
epithelial barrier function®®. This increases DC capture of antigens 
from the environment even when there is no overt infection or 
inflammation, probably allowing for the silencing of the immune 
system to harmless environmental antigens. 

DCs at body surfaces can function locally, for example, to convert 
vitamins A and D to active retinoic acid and 1,25-dihydroxy-vitamin D3. 
One consequence of the overlooked metabolic capacities of DCs is to 
increase the homing of immune cells to that mucosal surface and, in 
the case of retinoic acid, to help DCs differentiate suppressor T cells, 
which block autoimmune and inflammatory conditions®’. 

After leaving peripheral tissues, DCs migrate with environmental, 
self and microbial antigens to lymphoid organs—a process that is 
guided by chemokines®® and can be enhanced by vaccination. 

DCs have now been studied in intact lymphoid tissues without the 
need for cell isolation. These are the sites where immune resistance 
and tolerance are initiated. The DCs create a labyrinthine system 
within T-cell areas, while probing the environment through the 
continuous formation and retraction of processes”’, and displaying 
antigens and other stimuli needed to initiate responses by appropriate 
clones of specific T cells®®*°. 

New research reveals interactions of DCs in lymphoid tissues with 
other major classes of lymphocytes, B cells and natural killer cells°°. 


to antigen capture and processing, creating ligands for different classes 
of lymphocytes**; (3) DCs differentiate or mature in response to a 
spectrum of stimuli” (Table 1), allowing them to bring about innate 
and adaptive responses that are potent and qualitatively matched to 
the disease-causing agent; and (4) DCs are comprised of subsets that 
differ from one another in terms of location, antigen presentation, and 
maturation™”. Location (Box 1) and antigen presentation (Box 2) 
allow DCs to efficiently select specific clones from the diverse recog- 
nition repertoire. Maturation (Box 3) and subsets (Box 4) allow DCs 
to control the diverse response repertoire of T cells and other classes of 
lymphocytes, such as B cells and natural killer cells. 


Dendritic cells in infectious diseases 


DCs induce resistance to infection. When microbial antigens are 
injected in association with DCs into mice, the animals acquire 
adaptive immunity to Borrelia burgdorferi, chlamydiae, Leishmania 
major, fungi, Toxoplasma gondii, malaria and HIV. Conversely, DC 
depletion reduces defences to viruses like CMV’, HSV-2 and 
LCMV”. In humans, a lack of circulating DCs during bacterial sepsis 
and dengue virus infection is associated with a poor prognosis. 

A key concept is that DCs mature in distinct ways in response 
to different microbial components, thereby launching alternative 
versions of host immunity. The microbial ligands act on pattern 
recognition receptors’, including externally disposed Toll-like 
receptors (TLRs) and lectins**, and the cytoplasmic NOD/NALP 


Table 1| Some stimuli for dendritic-cell maturation 


Details 


Microbial products Via Toll-like, NOD, RIG-I, Mda5 receptors 
Lymphocytes (natural killer, NKT, Via CD40, lymphotoxin «6 receptors 

y6 T, «B T) and neutrophils 
Cytokines 

Endogenous ligands 


Stimulus 


TNF, interferons, TSLP and IL-10 
Uric acid, histamine, heat shock proteins, high 
mobility group box protein 1, defensins, ATP 


Immune complexes Via activating and inhibitory FcR 


These stimuli induce distinct pathways of DC differentiation, whereupon the conditioned DCs 
activate distinct responses, for example, Ty1, Ty2, TH17, Treg cells. Two or more of these stimuli 
can act synergistically'*???°. 
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Box 2| Antigen presentation by DCs 


DCs contain a specialized endocytic system*°, having many uptake 
receptors that deliver antigen to processing compartments?**. DCs 
then present peptides from processed proteins to CD4* and CD8* 
T cells, self and microbial glycolipids to NKT cells, and native antigens 
to B cells. 

Many uptake receptors on DCs are lectins with carbohydrate- 
recognition capacity?®. Some, like LY75 (DEC-205/CD205) and 
mannose receptor MRC1/CD206, are type! transmembrane proteins 
with multiple contiguous lectin domains. A majority to date, such as 
DC-SIGN/CD209, langerin/CD207, ASGPR, OLR1/LOX-1 (ref. 40) 
and CLEC4A/DCIR (ref. 24), are type II proteins with a single external 
lectin domain. Among these, CD209 has attracted wide interest 
because it binds a number of microbes including HIV°, dengue, 
cytomegalovirus, mycobacteria and candida, and because it can hinder 
DC maturation and contribute to immune evasion. Another lectin, 
langerin/CD207, is reported to degrade HIV in DCs, thereby reducing 
transmission to T cells. 

Early literature on DCs took antigen uptake for granted, without 
realizing that ligation of uptake receptors increases the efficiency with 
which antigens are delivered to the immune system in vivo by ~100- 
fold®'??8, Targeting vaccines to these DC receptors should significantly 
improve the efficacy of T-cell mobilizing vaccines. 

Following uptake of antigen, DCs are able to ‘cross-present’ antigens 
on MHC | to elicit CD8°* killer T cells?*°°". During cross-presentation, 
non-replicating protein antigens are internalized and somehow gain 
access to the cytoplasm before being processed by the proteasome for 
peptide presentation on MHC I. Critical steps seem to occur from less- 
acidic compartments. Cross-presentation allows DCs to induce CD8* 
T cell responses to immune complexes, non-replicating forms of 
microbes and vaccines, and dying cells. 

For dying cells, DC receptors for uptake remain to be defined in situ. 
Because cell death accompanies infection, cancer, transplantation, the 
normal turnover of self tissues and some viral vaccines, the uptake of 
dying cells is a starting point for DCs to capture antigens in many 
clinical settings. 

Fc receptors, which recognize antigen-antibody complexes, 
mediate antigen uptake and both activating and inhibitory signals in 
DCs*’. For example, if inhibitory receptors are blocked, the binding of 
tumour cells coated with antibody leads to improved presentation of 
tumour antigens and production of the immune-stimulating cytokine 
IL-12 (ref. 47). 


family, RIG-I/DDX58 and MDA5/IFIH1 molecules. These pattern- 
recognition receptors can function synergistically'*”?”?. 

In contrast, several microbes have the capacity to actively block DC 
maturation, for example, Coxiella burnettii, Salmonella typhi, anthrax 
lethal factor protein, Plasmodia, a Mycobacterium ulcerans mycolac- 
tone”! and viruses like vaccinia, herpes simplex, HIV, CMV, varicella 
zoster, HCV, Ebola/Marburg/Lassa fever and measles. An interesting 
exception is the effective attenuated yellow fever virus vaccine that 
may work by infecting and maturing DCs, allowing for antigen pre- 
sentation to T cells*. 

Furthermore, pathogens can alter other levels of DC physiology to 
evade an immune response. For example, the agent of plague, 
Yersinia pestis, and of typhoid fever, Salmonella typhi, selectively 
inject toxins into phagocytes, including DCs, and destroy the cells 
required for innate and adaptive protection. Influenza, measles and 
HSV-2 can induce apoptotic cell death in DCs**. With some viruses, 
cell death occurs through the intermediate formation of giant cells or 
syncytia. CMV, herpes and Mycobacterium tuberculosis inhibit the 
migration step of DC function by blocking expression of CCR7 
(ref. 34), a chemokine receptor that guides DCs into lymphatic ves- 
sels and onwards to lymphoid tissues®* (Box 1). 

Microbes also can alter the function of DCs so that they switch 
T-cell responses from protective Ty1 to non-protective Ty2, as in 
infections with Aspergillus fumigatus, malaria and hepatitis C, or to 
IL-10 production in the case of Bordetella pertussis. 
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Box 3 | Maturation of DCs 


DCs differentiate or mature in distinct ways in response to a spectrum 
of environmental and endogenous stimuli (Table 1). The maturation 
pathway then helps to designate which lymphocyte functions will be 
induced, and which products will be made by both DCs and 
lymphocytes??"2, 

In the steady state in the overt absence of maturation stimuli, DCs 
can induce tolerance when they capture self and environmental 
antigens’. Maintenance of tolerance can require PD-L1/CD274 (ref. 
10) as well as FAS (ref. 93) on DCs. On infection or other causes of 
maturation, the DCs redeploy, but it is still not understood why DC 
differentiation is so rapid and extensive. One factor may be the high 
levels of required NF-«B family proteins, with each family member(s) 
able to control different DC responses. 

Maturing DCs can induce different types of CD4* T cells (see text), 
such as Ty], T42 or T}17, to increase resistance. Other stimuli can yield 
‘tolerogenic’ DCs, which induce Trl and FOXP3* Tyeg cells™"””> to 
silence immunity. Maturing DCs also express more IL-15 and activate 
inflammation and natural killer cells in vivo?>?4 

When DCs mature in response to microbial products, the expression 
of hundreds of genes is altered?°, leading to synthesis of cytokines, for 
example, IL-12 and type! interferons, which enhance innate and 
adaptive resistance”. Although cytokines in turn can induce some 
components of DC maturation, the DCs that directly interact with 
microbial ligands are the immunologically more-active ones’’. The 
types of cytokines are influenced by the DC subset and the mode of DC 
activation. Several chemokines are also secreted in groups at a time”®, 
attracting different cells in succession to the site of DC maturation: 
phagocytes, memory lymphocytes and naive T cells?’. Numerous 
mechanisms also dampen the DC response to microbial products. 

Maturation regulates antigen-processing by lowering the pH of 
endocytic vacuoles, activating proteolysis, and transporting 
peptide-MHC complexes to the cell surface?. 

Importantly, maturing DCs remodel their surface, typically 
expressing many membrane-associated co-stimulatory molecules®?”; 
these include members of the B7, TNF and Notch families. 

A critical unknown is the definition of changes in DCs that link innate 
to adaptive immunity in vivo. The standard view that a combination of 
MHC-peptide (‘signal one’) and high B7-2/CD86 is sufficient to drive 
T-cell immunity is oversimplified. To influence T-cell differentiation, 
DCs additionally need to produce cytokines like IL-12 and type! 
interferons, or membrane-associated TNF family receptors—like 
CD4O (ref. 65) and lymphotoxin receptors—and TNF family 
members—like CD70 and OX4OL to induce Ty] (ref. 38) and T,,2 (ref. 
100) cells, respectively. 


At this time, there are no therapies that try to interrupt the micro- 
bial immune-evasion pathways that are summarized above. 

Several microbes additionally can exploit DCs for purposes of 
replication and spread in the infected host. The lectin DC-SIGN/ 
CD209 is used by dengue virus and Ebola virus to infect DCs. In 
the case of HIV-1, CMV and Ebola virus, the lectin additionally 
sequesters virus within DCs, which later transmit infectious virus 
to other targets, such as T cells**. DCs are also implicated in the 
spread of varicella zoster, measles virus, poliovirus, Aspergillus fumi- 
gatus, LCMV, Toxoplasma gondii, prions and Bacillus anthracis 
spores. 

All these consequences of the microbial—DC interaction have been 
analysed on myeloid DCs, mainly in tissue culture but not in patients. 
We expect that microbes also evade and exploit plasmacytoid DCs, 
which also help to resist pathogens” and are diminished in the blood 
during infections with HIV, HTLV-1 and RSV. 

To counteract these mechanisms for pathogenesis of infectious 
disease, DCs are now being considered in the design of vaccines to 
prevent and treat infection by enhancing immunogenesis. A new 
concept is to deliver vaccine antigens to specific receptors on DCs 
(Box 2), along with stimuli to control DC maturation. For example, 
microbial proteins are genetically engineered into anti-receptor 
monoclonal antibodies, which then quickly and selectively target to 
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Box 4 | Subsets of DCs 


There are several types of DCs, each with distinct markers and 
functions”°. Plasmacytoid DCs, so named because of cytologic 
similarities to antibody-producing plasma cells, can be involved in 
tolerance in their immature state. For maturation, these DCs 
selectively express activating FcR as well as TLR7 and TLR9. When 
immune complexes containing DNA and RNA are bound and ingested, 
they signal potentially pathologic levels of type | interferons®*’2 

Other DCs, termed ‘myeloid’, also produce type | interferons. 
Myeloid DCs in different tissues can be further subdivided on the basis 
of expression of certain markers and functions. In the case of skin, DCs 
in the epidermis (Langerhans cells) express langerin/CD207 and DEC- 
205/CD205/LY75, and induce strong killer T-cell responses; some 
DCs in the dermis express DC-SIGN/CD209 and mannose receptor/ 
CD206 and can activate antibody-forming B cells. Distinct skin DC 
populations also migrate to different areas of the draining lymph 
nodes'®. Thus the outcome of skin vaccination may depend on the 
lectin and DC subset that pick up the vaccine. 

In mouse spleen, a DC subset expresses DEC-205 and is particularly 
efficient for the cross-presentation of antigens on MHC | 4, including 
tumour cells, and also for the induction of IFN-y-producing, T,41 helper 
T cells'*'33®, A second subset expresses DCIR2/CLEC4A4 and other 
lectins and is more efficient at processing antigens for presentation on 
MHC 174. In lymph nodes draining mucosal tissues, the presence of an 
integrin, CD103/ITGAE, distinguishes a DC subset that cross-presents 
on MHC I'° but also synthesizes retinoic acid for the differentiation of 
FOXP3” Treg cells®”. 

DC subsets communicate with each other, for example, 
plasmacytoid DCs produce interferons and membrane-bound co- 
stimulators that recruit other DCs to participate in immunity’. 

The production of most DC subsets is controlled in the steady state 
by the cytokine FLT3 ligand (FLT3LG)'°*'°°, whereas during 
inflammation and infection, another cytokine, GM-CSF, mobilizes 
increased numbers of monocyte-derived DCs'°. In the steady state, 
DCs in lymphoid tissues emanate from marrow progenitors in the 
blood'®” but not monocytes”?"”’, although monocytes give rise to DCs 
in some non-lymphoid tissues in the steady state'®® and in many sites 
during inflammation 7°. 


large numbers of DCs within intact lymphoid tissues”’?°*’. The 
CD205 receptor, which is abundant on DCs in human lymphoid 
tissues, delivers antigen for processing onto both MHC class I and 
II (MHC J and ID), increasing presentation efficiency >100-fold rela- 
tive to non-targeted antigen '”**. T};1 responses, considered valuable 
for protection against many intracellular pathogens and tumours, 
also are induced when antigens from HIV, malaria, Leishmania and 
tumours are targeted to maturing CD205* DCs!®*”"*, Significantly, 
these responses are broad; that is, they are capable of recognizing 
many peptides from a given microbial protein and in several MHC 
haplotypes’”*’, and the responses take place at mucosal surfaces— 
both key criteria in vaccine design. Other potential DC targets are 
being addressed, including LOX-1/OLRI1 (ref. 40), MMR/CD206/ 
MRC-1, DCIR/CLEC4A (ref. 24), DC-SIGN/CD209, toxin receptors 
and CD40. 

Beyond the value of antigen-targeting, there is a need to mature 
DCs during vaccination in a way that is appropriate to the pathogen 
at hand. Here, one needs to define correlates of immunogenicity 
in vivo; that is, the specific changes in DCs required to generate 
protective responses from the response repertoire. 


Dendritic cells in cancer 

DCs are found in tumours in mice and patients. Yet tumours sup- 
press immunity, especially locally and by many pathways*'. Tumours 
express cytokines, like IL-6, vascular endothelial growth factor and 
IL-10, which suppress DCs through STAT3 signalling’. Tumours 
may condition local DCs to form suppressive T cells, such as 
FOXP3~ (ref. 43) and IL-13-producing CD4* T cells (ref. 44) and 
natural killer T cells (NKT cells). DCs even support the clonogenic 
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growth of tumours in multiple myeloma. Therefore, like some 
infections, cancers have ways to evade and exploit DCs*’. 

Nevertheless, immunology is providing treatments for cancer, 
mainly in the form of monoclonal antibodies. Antibodies, by virtue 
of their antigen-binding variable Fab regions, can block critical func- 
tions on cancer cells; and by virtue of their constant or Fc regions, 
antibodies can mobilize an attack by other Fc receptor (FcR) -bearing 
cells such as innate phagocytes and natural killer cells. Antibodies 
mediate the uptake and processing of tumour cells by DCs and also 
can trigger DC maturation (Table 1)***’”. This portends the design of 
antibodies that harness select FcRs to induce better innate and adapt- 
ive anti-tumour immunity. 

More emphasis is needed on cell-mediated immunity that also has 
a clear capacity to resist cancer*’. In phase I clinical research, adoptive 
transfer of killer T cells leads to regressions of melanoma and other 
cancers. There is also a major survival benefit from allogeneic bone 
marrow transplantation, in which lymphocytes from the marrow 
donor resist leukaemia and other haematologic malignancies (the 
“graft versus leukaemia’ reaction). In multiple myeloma, T cells that 
recognize glycolipids and peptides in the tumour are found in a 
premalignant stage of disease but are not found when the tumour 
grows out of control. In paraneoplastic diseases, T cells respond to 
antigens shared by the tumour and the nervous system, and probably 
resist the tumour but at the same time cause severe neurologic seque- 
lae. Examination of colorectal cancers indicates that the presence of a 
Tyl-type immune response in the tumour correlates with a better 
prognosis. On the other hand, immune suppression predisposes to 
higher frequencies of several cancers. All of the above examples imply 
a role for immune surveillance by T cells against human cancer, as is 
also seen in mice”. 

DCs can be marshalled for the prevention and treatment of cancer 
for the following reasons: (1) tumours are replete with potential 
antigens, and they can become immunogenic when presented by 
DCs**°!—this means that the immune attack on cancer can be broad 
enough to encompass multiple targets, including mutant proteins 
expressed by the cancer, and not just one target, where the latter 
favours immune escape; (2) likewise, DCs can activate and expand 
the different arms of cell-mediated resistance such as natural killer, 
NKT, y6 T and «f T cells, each of which recognizes different altera- 
tions in cancer cells; and (3) DCs in systemic lymphoid organs and 
DCs generated ex vivo from progenitors in blood probably retain 
their immunizing capacities in cancer patients’. Therefore one 
can test whether the specific features of DCs (Fig. 2) can be harnessed 
either to generate therapeutic immunity or to prevent cancer during 
premalignant or minimal residual disease stages. 

Two DC-based immune therapy approaches are currently avail- 
able. In one, DCs are generated ex vivo, loaded with tumour antigens, 
and re-injected to take advantage of the ability of DCs to migrate to 
the T-cell areas of lymphoid organs to induce strong T-cell and, 
perhaps, natural killer immunity™**’ (Fig. 3). Less explored is the 
evidence that DCs themselves can acquire killer activity for human 
tumours and express granzyme and perforin killer molecules”*. In 
another strategy, tumour cells or tumour antigens are targeted 
directly to DCs in the T-cell regions (Fig. 3), for example, within 
monoclonal anti-DC antibodies as discussed above. 

Already a large number of phaseI studies in humans have used 
the first approach, in which DCs are generated from precursors 
ex vivo. These early trials have only occasionally yielded significant 
tumour regressions”’*, and there are no studies yet showing 
improved survival. 

The current deficiencies in DC therapy need to be addressed in 
patients to deal with significant scientific and other obstacles. First, 
DC vaccines are being tried only in late-stage cancer patients who are 
immunosuppressed as a result of extensive radiation, chemotherapy 
and/or large tumour burdens. Why limit research to these patients, 
especially when DC therapy is nontoxic, including in the few patients 
who have experienced tumour regressions””**? Second, most injected 
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DCs remain at the injection site; only a few migrate to the draining 
lymphoid tissue, ~1% in mice and humans”. Research in patients 
will be required to overcome this limitation. One example is to con- 
dition the injected site with cytokines like tumour necrosis factor 
(TNF), so that the injected DCs receive needed cues for migration 
into lymphatics. Third, more emphasis is needed on DC quality, by 
testing DCs for their capacity to induce helper and killer T cells with a 
high avidity for tumour antigens but few Tyg cells. Fourth, many 
initial vaccine studies used DCs charged with one or a few tumour 
antigens, whereas the potential of DCs rests with their still untapped 
capacity to elicit a strong and broad immune attack to lessen the 
chances of tumour escape. Fifth, vaccine studies need to be accom- 
panied by in-depth immune monitoring to define assays for protec- 
tive lymphocytes, the presence of which correlates with tumour 
regression and/or improved survival. For example, in HIV vaccines, 
it is thought that protective T cells will produce several and higher 
levels of cytokines like IFN-y, IL-2 and TNF-«; express low levels of 
the PD-1/CD279/PDCD1 regulatory protein; and have high func- 
tional avidity for antigen. Sixth, DC-based immune therapies require 
a coordinated research effort to generate DCs for clinical use and to 
help investigators systematically evaluate the many variables pertin- 
ent to efficacy. 

Even with these limitations, early trials with ex vivo DCs have, in 
patients with advanced cancer, expanded T cells that recognize mul- 
tiple tumour antigens” and that make the protective cytokine, IFN-y 
(ref. 52). These observations provide a starting point to use DCs in a 
more concerted way to study their immune capacities in cancer 
patients, and to combine immunization with other therapeutic mod- 
alities. Chemotherapy", radiotherapy and removal of tumour regu- 
latory mechanisms, for example, CTLA4, B7-H4/VTCNI1, IL-10, 
TGF-B (ref. 43), IL-13 (ref. 44), could be more specific and less toxic 
if combined with DC-based therapies. 

The ex vivo technique is being developed so that it is easier to 
perform, including in collaborative studies. This approach allows 
the basic features of DCs (Fig. 2) to be controlled, for example: to 
load them appropriately with multiple antigens, including tumour 
cells*”°*, tumour RNA®, or, potentially, cancer stem cells; to select 
from many options for DC maturation (Box 3); and to specify the DC 
subset for clinical use®° (Box 4). 

A second DC-based strategy in cancer therapy would be to mobi- 
lize DCs directly within the patient, either within the tumour or 
within lymphoid organs. In mice, irradiated tumour cells injected 
intravenously are taken up by DCs. Alternatively, one can inject 
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Figure 3 | DC localization in T-cell areas of immune organs such as lymph 
nodes, as shown here. Lymphocytes, including T cells, move from the blood 
into the node through special vessels (yellow). T cells (blue) remain in T-cell 
areas (blue), whereas B cells (pink) move to the B-cell areas (pink). DCs 
(orange stellate profiles) are primarily in the T-cell areas, whereas 
macrophages (green and orange profiles) are enriched in the periphery of the 
lymph node. To exploit this positioning in immunotherapy, DCs can be 
generated ex vivo and injected, whereupon homing via lymphatics brings 
small numbers of DCs to the T-cell areas (top). Alternatively antigens can be 
delivered directly to large numbers of DCs in the T-cell areas, for example, by 
incorporating the antigen within anti-DC monoclonal antibodies. 
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irradiated tumour cells that are transduced to express GM-CSF, 
which recruits the patient’s DCs to capture and present tumour 
antigens®**. A new approach to the maturation of antigen-capturing 
DCs in vivo uses innate NKT cells that recognize glycolipids®. The 
activated NKT cells mimic the effects of a combination of TLR and 
CD40 ligation on DCs and elicit long-lasting, protective CD4~ and 
CD8* T-cell resistance. Another example is to selectively target can- 
cer antigens within monoclonal antibodies to receptors on DCs, thus 
ensuring the delivery of antigen to large numbers of DCs in the T-cell 
areas of lymphoid organs, as opposed to the small numbers that 
successfully home from an injection site to these areas (Fig. 3). 

Unfortunately, DC-mediated immunization against cancer is still 
an underdeveloped field. Yet this approach can exploit the patient’s 
responses to cancer to produce more specific, less toxic, broader and 
longer-lasting therapies. There is an important unmet need to 
expand and coordinate research on DC-based therapies against pro- 
liferating and initiating cancer cells. 


Dendritic cells in autoimmunity 


Inappropriate responses to self constituents, in select genetic back- 
grounds, can lead to chronic inflammatory conditions, termed auto- 
immune diseases. DCs bearing self antigens are able to induce 
autoreactive T cells in mouse models of multiple sclerosis, cardio- 
myopathy and systemic lupus erythematosus. 

It is increasingly appreciated that a pivotal step leading to human 
autoimmunity is an overproduction ofa particular cytokine(s)°°, and 
subsets of DCs can be a major source. For example: 

@ TNF-« is a key cytokine in rheumatoid arthritis and other dis- 
eases, like psoriasis, and TNF-« blockade is a powerful therapy for 
many patients. In psoriasis, a major source of TNF-« is a DC subset 
infiltrating the affected skin®’. 

@ Lupus erythematosus, a systemic disease in which antibodies 
are formed against self constituents especially nucleoproteins, is 
accompanied by what is termed an ‘interferon signature’ in white 
blood cells®*. Type I interferon is made in large amounts by plasma- 
cytoid DCs®”°, which infiltrate the skin lesions of systemic lupus 
erythematosus. Viral nucleic acids, as well as self nucleoproteins 
internalized in the form of immune complexes, trigger TLR7 and 
TLR9, leading to typeI interferon production. Moreover, the 
DNA-binding protein and cytokine, HMGB1, can deliver self DNA 
to TLR9 and ligate the RAGE/AGER receptor on DCs”. Interferon, in 
turn, drives the mobilization of activated granulocytes™ and differ- 
entiates monocytes into DCs, which may present dying cells in an 
immunogenic rather than tolerogenic manner”. Ligation of activ- 
ating FcR by the immune complexes that are formed during auto- 
immunity also drives DC maturation. 

@ Type! interferon and plasmacytoid DCs are also proposed to 
be pathogenic in other diseases, such as psoriasis”*, dermatomyositis 
and Sjégren’s syndrome. 

@ IL-23 is a cytokine that drives disease, including psoriasis and 
inflammatory bowel disease”, and DCs are major IL-23 producers. 

Despite their role in inducing autoimmunity, DCs are also relevant 
to the therapy of these diseases: (1) various treatments, especially 
glucocorticosteroids, can reduce DC numbers and functions; (2) 
because DCs seem to be a source of pathogenic cytokines, the stimuli 
for cytokine production need to be identified and obviated; and (3) 
one potential antigen-specific strategy relates to the capacity of DCs 
to expand and induce T cells that suppress immunity, usually termed 
Treg Cells. Treg cells can suppress other DCs that present disease- 
producing antigens. In the case of a spontaneous model of autoim- 
munity—diabetes in NOD mice—T eg cells that recognize antigens 
in insulin-producing f cells can be generated by DCs and provide a 
therapeutic benefit even after the onset of disease''”°. 


Dendritic cells in allergy 


DCs normally ensure the immune system is tolerant on exposure to 
harmless environmental antigens including the pollens, dust mites, 
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and foods that cause respiratory and intestinal allergy. The DCs at 
mucosal surfaces capture proteins and silence the corresponding 
Tcells, possibly by expressing ICOSL, which in turn differentiates 
antigen-specific, IL-10-producing T;g cells. In allergy, instead of this 
immune tolerance, CD4~ helper T cells develop along the atopic T42 
pathway and yield interleukins (IL-4, -5 and -13) responsible for 
many aspects of disease, such as the formation of IgE-type antibodies. 
DCs both initiate the formation of pro-allergic T};2 T cells and boost 
symptom-producing responses in already allergic mice”. 

How might the normal tolerizing roles of DCs be altered during 
allergy? Cytokines may again be pivotal, for example, recent studies 
reveal a role for thymic stromal lymphopoietin (TSLP) in atopic 
dermatitis’”’ and asthma. TSLP matures human DCs from blood” 
and skin to elicit unusual T}2 cells that secrete not only IL-4, -5 
and 13 but also high levels of TNF. TSLP-treated mature DCs express 
OX40L/CD252/TNFSF4, a TNF family member. OX40L can instruct 
T cells to develop a Ty;2-type of memory along with the production of 
allergic mediators like prostaglandin D2. 

Several new directions for allergy research involve DCs: (1) DC 
maturation by TSLP needs to be understood and blocked; likewise for 
TSLP production by epithelial cells, which is controlled by retinoid 
receptors as well as IL-1 and other inflammatory cytokines; (2) the 
substances that cause allergy may modify DC function directly by 
blocking IL-12 production by DCs and in turn favouring formation 
of allergic Ty,2 cells’; (3) in humans, new synthetic oligonucleotides 
can suppress the presentation of allergens by DCs to Ty2 cells; these 
compounds have shown promise in treating ragweed-induced aller- 
gic rhinitis; (4) DCs might be targeted to allow for formation of 
allergen-specific Tye, cells, which can treat allergy as observed in 
mouse models; and (5) new drugs can interfere with the pro-allergic 
functions of DCs and treat experimental asthma. The sphingosine-1- 
phosphate receptor agonist FTY720 blocks the migration of DCs 
from lung to lymph nodes where the DCs could present antigens 
to disease-causing T},2 cells, whereas agonists for the D prostanoid 
1 receptor condition DCs to induce disease-reducing T,eg cells”. 


Dendritic cells in transplantation 


DCs play a key role in the outcome of organ and haematopoietic 
transplantation. DCs in grafted organs mature and migrate into the 
recipient, where they stimulate alloreactive T cells that bring about 
graft rejection. Recipient DCs also can capture portions of the 
graft*®*’ and elicit organ rejection. Interestingly, suppressive drugs 
in current clinical use may act on the rejection-inducing DCs as well 
as the rejecting T cells*’. In haematopoietic transplantation, recipient 
DCs are key initiators of T-cell-induced graft versus host reac- 
tions****, Mechanisms have yet to be pinpointed to explain the mat- 
uration and migration of DCs that accompany transplantation. 

It seems reasonable to propose that strategies to block these DC 
functions during transplantation will promote acceptance. However, 
recent discoveries show that DCs in grafted tissues can regenerate 
locally*’, thus providing a long-term source of antigen to stimulate 
rejection™. In this light, alternative pathways to use DCs to induce 
transplantation tolerance are being assessed. One involves the activa- 
tion of recipient natural killer cells, which reject donor DCs in tissue 
culture models and in vivo. Another pathway is to induce DCs to 
become tolerogenic, for example, to express the tolerogenic ILT3/ 
LILRB4 molecule, or to induce graft-specific FOXP3* Treg cells to 
suppress graft-rejecting T cells*'. In haematopoietic cell transplanta- 
tion, strategies that lead to recipient DC depletion are currently being 
tested in the clinic. 


Extending DC biology into medicine 

Immunology, including T-cell-mediated immunity, has a central role 
in understanding how disease develops and in designing new treat- 
ments (Fig. 4). Here we suggest therapies aimed at the upstream 
events initiated by DCs. DCs can either intensify or subdue T-cell 
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Disease development Disease treatment 


Immune resistance 
Maturing DCs loaded ex vivo 
with tumour or microbial 
antigens, or by antigen 
targeting in vivo, induce 
immunity 


Immune evasion 

Microbes and tumours can 
block DC function, for example, 
maturation, migration, or they 
can exploit DCs to replicate 


Immune pathogenesis 
DCs instigate innate and adaptive 
responses leading to allergy, 
autoimmunity and graft rejection, 
for example, T,,2 polarization of 
T cells, the overproduction of 
cytokines and cross-presentation 
of grafted tissues 


Immune silencing 

DCs loaded with antigens are 
rendered tolerogenic, for 
example, with TGF-B, 

retinoic acid, rapamycin or 
steroids 


Figure 4 | Some potential roles for DCs in medicine. 


responses, depending on whether resistance or tolerance needs to be 
increased. 

Considerable evidence from studies in mice, which predominates 
in this review, shows how DCs act in a disease-specific manner. 
Increased emphasis on the antigens that elicit disease should provide 
medical approaches that are longer-lasting and less subject to side 
effects than current antigen non-specific ones. To repeat, DC-based 
analyses and therapies emphasize initial events in complex disease 
cascades, but more patient-based research is needed to take DCs into 
medicine. 

The scientific rationale is that a patient’s response to disease 
involves not only antigens and lymphocytes but also DCs that control 
antigen presentation and clonal selection (the immune recognition 
repertoire) as well as lymphocyte growth, differentiation and mem- 
ory (the immune response repertoire). Each feature of DCs in Fig. 2 is 
an intricate area for research, the findings of which are facilitating a 
deeper analysis of disease and how to interrupt its progress. However, 
major gaps exist to take this science into medicine. 

In mice, the current research emphasis has been on model anti- 
gens, isolated DCs, and highly selected populations of T cells with a 
single transgenic antigen receptor. Instead, research on DCs needs to 
be directed to the control of immune responses (1) in situ in intact 
animals, (2) within the natural immune repertoire, (3) to clinically 
relevant antigens, and (4) with new immune enhancers or adjuvants 
that act in defined ways on DCs. Even so, the immune systems of mice 
and men differ in many aspects. A demanding subject, but one which 
will enhance disease research, is the development of mice with 
immune systems derived from human sources. 

More research needs to be done with patients. The patient sets the 
standards for the quality of knowledge that is required to understand 
many aspects of disease and its treatment. Often the pathogen 
(tumour, microbe, allergen, stimulus for autoimmune or autoin- 
flammatory disease) is not easily or completely modelled in mice. 

Although scientists and the public both desire ‘translation’ from 
mice to humans, there is an underappreciated need to create a 
sizeable limb of the scientific enterprise that will bring new methods, 
concepts and coordination to the basic study of disease with patients. 
This need is illustrated by the paucity of DC-based studies on the 
immunotherapy of cancer. Basic research with patients differs sub- 
stantially from current outcome studies and drug-licensing trials, 
which test whether existing practices and concepts are clinically 
effective. In contrast, disease research yields new ideas and therapies. 
The biology of DCs is ready to be extended to dissect disease path- 
ways and to direct its prevention and treatment. Despite the 
obstacles to research in patients, physicians and scientists have the 
knowledge and tools to think systemically about diseases, plan their 
therapies, and investigate how humans respond. DCs are an early 
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player in disease development and an unavoidable target in the 
design of treatments. 
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Predicting evolutionary patterns of 
mammalian teeth from development 


Kathryn D. Kavanagh't, Alistair R. Evans’ & Jukka Jernvall'? 


One motivation in the study of development is the discovery of mechanisms that may guide evolutionary change. Here we 
report how development governs relative size and number of cheek teeth, or molars, in the mouse. We constructed an 
inhibitory cascade model by experimentally uncovering the activator-inhibitor logic of sequential tooth development. The 
inhibitory cascade acts as a ratchet that determines molar size differences along the jaw, one effect being that the second 
molar always makes up one-third of total molar area. By using a macroevolutionary test, we demonstrate the success of 
the model in predicting dentition patterns found among murine rodent species with various diets, thereby providing an 
example of ecologically driven evolution along a developmentally favoured trajectory. In general, our work demonstrates 


how to construct and test developmental rules with evolutionary predictability in natural systems. 


A recurring promise of evolutionary developmental biology is the 
discovery of the mechanisms and rules that govern the production of 
the phenotypic variation available for natural selection’. In many 
cases, independent evolutionary acquisitions of morphological simi- 
larities have been linked to parallel changes in the genome*"'" but 
selection may also produce the same phenotypic result in different 
evolutionary trials by altering different genes or interactions’*". 
Whereas in the former cases gene-level or low-level rules may have 
predictive power across a broad range of taxa, in the latter cases 
models may have to be built on a higher level of organization. 
Regardless of the organizational levels invoked, explicit or inferred 
developmental rules with evolutionary relevance must be shown to 
favour specific evolutionary trajectories, and previous demonstra- 
tions have ranged from theoretical and computational models to 
selection and developmental experiments’’. Advances in develop- 
mental genetics now allow us to identify mechanisms that may bias 
the production of phenotypic variation, which in part will help to 
move evolutionary developmental biology into the realm of a pre- 
dictive science. 

The mammalian dentition is a classic system in which develop- 
mental mechanisms have been used to explain variation in shape and 
size'°**, The timing of molar initiation during development has been 
extensively studied in primates, not least because molar proportions 
are used as a diagnostic feature in palaeontology. Differences in the 
timing of molar initiation, mineralization and eruption as well as in 
molar size and number have been linked to species-specific traits in 
diet, life history, maturation and brain size****. In addition, regu- 
lation of molar size and number continues to have medical relevance 
in connection with human third molars, or wisdom teeth, which are 
frequently surgically removed with a risk of complications”. 

Mammalian molars develop sequentially in an anterior to poste- 
rior direction (Fig. la), resembling the development of segmental 
structures, but it remains unknown how molar initiation or size is 
regulated along the tooth row. Mechanisms including available space 
in the jaw and inhibition between developing teeth have both been 
proposed to regulate molar initiation*’”***. Because experimental 
evidence and mathematical modelling have implicated a balance 
of molecular signals activating and inhibiting the formation of 


teeth**°, here we examine whether inhibitory dynamics could 
explain the initiation and size of adjacent molars in mouse (Mus 
musculus) and whether these dynamics can account for aspects of 
evolutionary patterns of teeth. 


Inhibitory dynamics of molar initiation 

As in most eutherian mammals, mice have three molars that develop 
sequentially over several days*'. The development of each individual 
tooth is punctuated by the formation of the epithelial signalling 
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— Mi— 
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—— Mi—~ —M2— 


In vivo 
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M2 initiation? 
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Figure 1| Hypotheses on the sequential initiation and inhibition of 
mammalian cheek teeth. a, Mouse molars develop sequentially, and the 
dental lamina extending posteriorly (black arrowhead) from the developing 
M1 gives rise to M2 at day 16. M3 forms (white arrowhead) posterior to M2 
about ten days later. b, In comparison with the situation in vivo, M1 
development proceeds normally in vitro and the secondary enamel knots 
form at day 16 (bright green). In contrast, M2 initiation is delayed in vitro. 
We suggest that this delay is due to a decrease in mesenchymally secreted 
activators (blue arrows), whereas M1 continues to inhibit M2 normally. To 
test this, we cut the posterior tail that forms M2 from M1. Anterior is 
towards the left. Scale bar, 0.5 mm. 


'Evolution & Development Unit, Institute of Biotechnology, PO Box 56 (Viikinkaari 9), FIN-O0014 University of Helsinki, Finland. 7Department of Ecology and Evolution, Stony Brook 
University, Stony Brook, New York 11794, USA. +Present address: School of Marine and Atmospheric Sciences, Stony Brook University, Stony Brook, New York 11794, USA. 
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centres, the enamel knots”*. A primary enamel knot forms at the onset 
of the tooth crown development, followed by secondary enamel 
knots that appear at the future positions of major molar features, 
the cusps. Because mutations affecting the inhibition of enamel 
knots can have fused or extra cusps and molars*’, we postulate 
that the first developing molar could inhibit the development of 
subsequent molars, an effect that we also propose to be accentuated 
by culture conditions. In culture, although the first molar (M1) 
develops at essentially the same rate as that in vivo, posterior molars 
are frequently delayed by several days or never develop at all. The 
culture conditions, which involve the dissection of tooth germs from 
surrounding tissue, seem to disrupt the mesenchymal influence on 
the balance of activator and inhibitor molecules regulating molar 
development (Fig. 1b). 

To test these ideas, we cultured lower first molar tooth germs from 
a mouse that expressed green fluorescent protein (GFP; fused with 
Cre-recombinase) in the Sonic Hedgehog (Shh) locus (hereafter 
called ShhGFP mice). In the developing tooth crown, Shh is first 
upregulated only in the cells of the enamel knots; later, during dif- 
ferentiation, Shh expression is detected in the enamel-secreting ame- 
loblasts throughout the crown***’. Because enamel knots are difficult 
to detect under normal culture conditions, the epifluorescence of 
ShhGFP mice allowed us to pinpoint the future positions of the 
molars and cusps in vitro, thereby permitting us to follow the sequen- 
tial odontogenesis continuously (Fig. 2a). The ShhGFP construct is a 
Shh-null allele; we therefore cultured heterozygous ShhGFP molars. 
Similarly to a previous report on limb development”’, we found the 
tooth development and morphology of heterozygous ShhGFP mice 
to be normal. We also examined the development of wild-type 
molars, and the pattern of results remained essentially the same. 

Using a standard Trowell culture system™, we first cultured ShhGFP 
molars starting from embryonic day 14, at which time the M1 primary 
enamel knot has formed. We cultured both intact tooth germs and teeth 
in which we surgically separated the developing M1 from its posterior 
tail that is fated to give rise to the second (M2) and third (M3) molars 
(Figs 1 and 2a). Cultures were monitored daily, and the initiation of 
each tooth was reconstructed from time-lapse images (Fig. 2a). For the 
cultured intact tooth germs, the results show that only 11% of explants 
formed M2 enamel knots after two days in culture, a period equivalent 
to the timing of M2 initiation in vivo (Fig. 2b). Additional intact 


Intact 


Cut 


v 
A 
M1 M2 
A 
15 16 17 18 20 21 22 23 


NATURE|Vol 449|27 September 2007 


explants developed M2s during the subsequent days, and 54% of 
M2s were initiated by 12 days in culture (Fig. 2b). In contrast to this 
delayed initiation of M2 development, M1 development progressed at a 
fairly normal rate and all M1s had formed secondary enamel knots by 
three days into the culture (Fig. 2a), matching the rate of development 
in vivo’. The normal development of M1 implies that nutritional defi- 
ciency is unlikely to cause the delay in the posterior molars, but it 
supports the hypothesis of inhibition by M1 (Fig. 1b). 

For the explants in which the tail had been cut off from the rest of 
the tooth germ, the results show that 98% of the separated tails 
formed M2s, with 68% of them occurring at the in vivo rate (Fig. 
2b). Therefore, rather than inflicting irreversible damage on the small 
posterior bud, the separation seems to rescue M2 development from 
an inhibitory effect of M1. We interpret this result to also exclude an 
inhibitory gradient going through the jaw and teeth, increasing from 
anterior to distal, because in that case we would not expect the sepa- 
ration to rescue M2s. Furthermore, in almost half of the cut explants, 
M3 development was initiated, often before expected M3 initiation 
in vivo (Fig. 2c). 

At the day 14 cap stage, when the M1 enamel knot has formed, M1 
expresses the genes encoding several signalling molecules”, including 
diffusible inhibitors. Of these, at least ectodin (also known as Sostdcl 
and wise, inhibitor of bone morphogenetic proteins (BMPs) and 
Wnts), Bmp3 and follistatin (both encoding inhibitors of Activin A 
and BMPs) are strongly expressed in the enamel knot or anterior 
portion of the day 14 M1 (refs 30, 35, 36). Therefore, to test how 
an earlier release from inhibition affects posterior molars, we cut the 
posterior tails also at day 13, when the M1 primary enamel knot 
would only just be forming. These results show that posterior molar 
initiation was accelerated further: 90% of M2s were now initiated one 
day earlier than in vivo (Fig. 2b). The initiation of M3 development 
was also markedly accelerated (Fig. 2c). In addition, in one of the 
explants, a fourth molar (M4) formed seven days into the culture. We 
note that even though the tails giving rise to M3s were too small to be 
dissected from M2s, molar initiation was always sequential and in no 
case did we observe a simultaneous initiation of M2 and M3. Thus, 
M3 initiation is likely to be inhibited by M2 and, consequently, M4 is 
inhibited by M3. 

Our results indicate that, as seems to occur with the regulation of 
fibroblast growth factors during tooth development”, the balance 
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Figure 2 | Posterior molars are initiated earlier in vitro when separated 
from M1. a, The epifluorescence of cultured ShhGFP teeth allows daily 
monitoring of the enamel knots to test whether cutting the posterior tail 
(dashed line) accelerates molar initiation (white arrowheads). 

b, c, Cumulative percentage curves show that, in comparison with the intact 
explants (solid lines), the cut explants (dashed lines) at day 14 (blue) and day 
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13 (red) have an accelerated initiation of M2 (b) and M3 (c). In vivo M2 and 
M3 initiation times are marked with dotted vertical lines. Mann—Whitney 
U-tests on M2 and M3 age differences between intact and cut explants after 
12 days of culture are all P = 0.001 (see Supplementary Information). n = 28 
and n = 25 for day 14 intact and cut explants, respectively, and n = 15 and 
n = 10 for day 13 intact and cut explants, respectively. Scale bar, 0.5 mm. 
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between enamel knot activation and inhibition may be more impor- 
tant for tooth initiation than the absolute magnitude of signals them- 
selves. Initially, the in vitro culture seems to decrease the level of 
mesenchymal activators required for M2 induction whereas removal 
of the inhibitory effect of M1 restores the inductive balance (Figs 1, 
2). One obvious assumption linked to these interpretations is that 
culture conditions decrease mesenchymal activators required for 
enamel knot formation (Fig. 1b). To test this, we explored the effects 
of BMP4 and Activin A by using protein-releasing bead experiments. 
Both Bmp4and activin PA are intensely expressed in the mesenchyme 
at the onset of primary enamel knot formation, and both have been 
implicated as mediators of epithelial-mesenchymal induction events 
leading to the formation of enamel knots******~“°. We placed beads 
releasing BMP4 or Activin A immediately distally to intact day 14 
tooth germs. The results show that both molecules are individually 
able to accelerate the formation of M2s, although not to the extent 
that separation from M1 achieved (Fig. 3). 

Taken together, our experimental results suggest that the initiation 
timing of posterior molars depends on previous molars through a 
dynamic balance between intermolar inhibition and mesenchymal 
activation. Because of the importance of molar size in evolution®’*”, 
we next explored how these developmental dynamics might bias the 
production of phenotypic variation available for natural selection. 


Molar initiation and size 


To link our results for the process of molar initiation to morpho- 
logical patterns, we measured from our experiments how tooth size is 
affected by changes in tooth initiation (see Methods and Supplemen- 
tary Information). The results show that the removal of inhibition on 
posterior molars results not only in earlier tooth initiation but also in 
larger posterior teeth. After 12 days of culture, M2s in the cut explants 
were twice the size of M2s in the intact explants (cut versus intact day 
14 means are 0.27 and 0.13 mm”, P< 0.001, and day 13 means are 
0.23 and 0.11 mm’, P<0.001; Mann-Whitney U-tests). Further- 
more, the cut explant M2s are larger not only as a result of earlier 


Control 


ActivinA _BMP4 


M2 present (%) 


13 15 17 19 21 23 25 
Explant age (days) 


Figure 3 | Initiation of posterior molars can be stimulated by mesenchymal 
activators. a, Protein-releasing beads were placed posteriorly to day 14 
explants and the initiation of M2s was monitored (white arrowheads). 

b, Both BMP4- (light blue line) and Activin A- (orange line) releasing beads 
accelerate M2 initiation, falling between the intact (solid blue line) and cut 
explants (dashed blue line). Mann—Whitney U-tests on M2 age differences 
between protein and control explants after 12 days of culture are P = 0.122 
(n = 16) for BMP4 and P = 0.014 (n = 19) for Activin A explants (see 
Supplementary Information). Scale bar, 0.5 mm. 
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initiation but also because they grow faster (see Supplementary 
Information). In contrast, M1 sizes have marginally decreased in 
the cut explants, suggesting that dissection caused disruption and 
also that inhibition is always from anterior to posterior (cut versus 
intact day 14 means are 0.57 and 0.67 mm’, P= 0.027, and day 13 
means are 0.39 and 0.46 mm’, P = 0.123; Mann-Whitney U-tests). 
Nevertheless, in comparison with the intact explants, both the day 13 
and day 14 cut explants produced 15-38% more ‘tooth’, measured as 
the sum of the molar surface areas (P = 0.005—0.012; Mann-Whitney 
U-tests). 

In the intact day 13 explants, the initiation of posterior molars was 
delayed in comparison with that of intact day 14 explants (Fig. 2b, c) 
and the Mls were also smaller, perhaps because of decreased 
mesenchymal activation that limited development at this earlier 
stage. Despite this typical retardation of day 13 tooth development 
in vitro (J. Jernvall and K. D. Kavanagh, unpublished observations), 
sizes of the day 13 cut explant M2s matched, and that of the M3s 
exceeded, the sizes of corresponding teeth from the day 14 cut 
explants (Fig. 4a; see Supplementary Information). The earlier sepa- 
ration from M1 therefore seems to lead to a tendency in which molar 
sizes become more equal (Fig. 4a). Whereas, for example, the day 14 
M3s could in principle catch up with the day 13 M3s, this would 
require the former to grow more than twice as long as the latter. We 
consider this situation unlikely because in our cultures the onset of 
mineralization seemed to be the same in both the day 13 and day 14 
cut explants. 


M2 and M3/M1 size 


SE 1b a1 19s) 721) 232 525: 3:27. 


Explant age (days) 
1.0 1.0 
0.8 0.8 
e M1 =M2=Ms83 
‘o 0.6 0.6 
= 
6 0.4 0.4 
= 


e Ki 
& Day 13H M1 > M2>M3 
Y J 


S kL 02 
y A Day 14 #HM! >> M2 >> M3 
vei M3 missing 
0 02 04 06 0.8 1.0 
M2/M1 size 


0 02 04 06 08 1.0 
M2/M1 size 


Figure 4 | From molar initiation to predicting molar proportions in murine 
species. a, Removal of inhibition results in earlier initiation and more 
equal-sized posterior molars. b, Changes in inhibition provide a trajectory 
through the morphospace in which more equal-sized molars are found with 
low inhibition (day 13 explants; error bars denote s.e.m). In contrast, 
increasing inhibition (day 14 explants) leads to smaller posterior molars and 
eventually the lack of M3. c, The molar proportions of 29 species of murine 
rodents (black circles; Mus musculus is marked with an open circle) fall close 
to the experimental data (crosses and dashed line). We note the lack of M3 
when M2 is about half the size of M1, in both the experimental and the 
macroevolutionary data. For the experimental data, the slope drawn through 
the means of day 14 and day 13 molar sizes is 1.848 and the intercept is 
—0.833. When the 12 cut explants without M3s (all except one were day 14) 
are plotted separately (b), the resulting reduced major axis regression slope 
is 1.519 and the intercept is —0.673. When M1 sizes just before they reach 
their asymptotic sizes are used, approximating the growth stage of measured 
M2s and M3s, the reduced major-axis regression slope is 2.024 and the 
intercept is — 0.997. For the macroevolutionary data (c), the reduced major- 
axis regression slope is 2.150 and the intercept is — 1.219 (1° = 0.740). For 
details see Supplementary Information. 
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An inhibitory cascade model 

The inhibitory dynamics (Figs 2, 3) and shifting molar proportions 
(Fig. 4a) are indicative of an inhibitory cascade, or a ‘ratchet’ in which 
subsequently developing teeth are cumulatively affected by previous 
developmental events. The inhibitory cascade can be formalized as a 
simple high-level model in which a balance between activation and 
inhibition results in equal-sized molars (M1 ~M2~ M3) and 
increasing inhibition has a cumulative effect on the posterior teeth 
giving a distinct M1 > M2 > M3 pattern (Fig. 4b). The relative molar 
sizes determined by the model can be stated as 1 + [(a — 1)/i](x — 1), 
in which, at each molar position (x), tooth size results from the 
relative strengths of activators (a) and inhibitors (7). As a result of 
the ratcheting nature of the inhibition, a change in inhibition (or 
activation) affects the relative size of M3 more than that of M2 
(Fig. 4b). Nevertheless, molars have shared covariance patterns, so 
the relative size of adjacent teeth allows one to predict the presence 
and size of additional teeth. For example, M3s are missing when 
M2 size falls below half that of M1 (Fig. 4b). Conversely, our case 
of M4 occurred when the size of M3 equalled that of M2 (Sup- 
plementary Information), perhaps indicating that the evolution of 
supernumerary teeth is most likely when tooth activation and inhibi- 
tion are in balance. 


A macroevolutionary test of the model 

Because our model makes broad predictions about the relative sizes 
of individual teeth, to test the model we focused on a sample of 29 
species of murine rodents covering a wide spectrum of ecological 
adaptations and phylogenetic lineages representative of the entire 
subfamily** (Supplementary Information). Tooth rows were digi- 
tized with a high-resolution laser scanner and the molar crown areas 
were measured with the MorphoBrowser database containing the 
three-dimensional tooth scans”. 

The basic prediction from the experiments is that with an increase 
in relative size of M2, M3 should increase more. The results show that 
molar proportions follow this expectation closely (Fig. 4c), although 
the macroevolutionary patterns seem to show a slightly greater 
increase in posterior molars than the experimental prediction 
(Fig. 4c). We suspect that this is because our developmental data 
were derived from cultured teeth in vitro in which M1 was near 
mineralization whereas M2 and especially M3 could grow further, 
increasing their relative sizes. Indeed, when ante-asymptotic M1 sizes 
are used for the experimental data, the slopes of the molar size rela- 
tionships are very similar between the experiments (2.02) and species 
(2.15). Conversely, in our molar diversity data, we have one species, 
golden-bellied water rat (Hydromys chrysogaster), which lacks M3 
altogether. Matching the prediction from mouse explants lacking 
M3s, M2 in Hydromys is about half the size of M1 (Fig. 4c). Thus, 
despite the limitations of in vitro cultures (uncut M3s and incomplete 
differentiation), these results may implicate the inhibitory cascade in 
regulating tooth proportions. 

Next, to test how closely the macroevolutionary data follow the 
explicit prediction of the inhibitory cascade model 1 + [(a-— 1)/i] 
(x— 1), we first calculated the predicted sizes of M3s on the basis 
of the relative size of M2s (see Fig. 5a and Methods). Both the slope 
(2.0) and the intercept (— 1.0) of the model prediction are within the 
95% confidence intervals of the macroevolutionary data. To examine 
further the consistency of the tooth-to-tooth inhibitory relay in our 
data, we generated a random relay model, in which the strength of 
inhibition changed between teeth, by randomly reshuffling the M2- 
based predictions of M3 sizes 1,000 times (see Fig. 5a, Methods and 
Supplementary Information). The results show that whereas the ran- 
dom relay still produces correlated variation between relative M2 and 
M3 sizes (because, for example, it is unlikely that a large M2 is fol- 
lowed by a very small M3), its predictions are not congruent with 
our macroevolutionary data or model (Fig. 5a and Supplementary 
Information). We interpret these results as further implicating the 
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inhibitory cascade as a ‘ratchet’ generating predictable size differ- 
ences along the molar row. 

One phenotypic outcome of the ratchet is the high variability of 
M3, a result that agrees well with data from populations and spe- 
cies'*?1-3-4, Whereas the high variability of M3 has been linked to 
available space in the jaw and difficulty in measuring small M3s, the 
inhibitory cascade may provide null expectations for M3 variability. 
Another phenotypic result specific to the model is that M2 makes 
up roughly one-third of total molar area, irrespective of molar pro- 
portions (M2/(M1 + M2 + M3) = (a/i)/[1 + a/i+ (2a/i — 1)] = 1/3; 
see Methods). This is noteworthy because previous studies have found 
this relationship in primates”, suggesting that the inhibitory cascade 
may be expected to apply across mammalian orders. 

Even though we have shown here how the inhibitory cascade can 
be used to account for the evolutionary diversity of molar propor- 
tions, ecological and functional factors are still likely to have an 
indirect function in these differences. For example, previous analyses 
have shown that the overall crown complexity of rodent molars 
closely reflects the species-specific diets**. High crown-feature com- 
plexity is associated with herbivory, whereas simpler, smaller crowns 
are found in animal-eating taxa’. In our diversity data, the highly 
derived species with either specialized animal or fibrous-vegetation 
diets are plotted at the far ends of the molar-proportion spectrum 
(Fig. 5b). In other words, herbivorous murine species have more 
equal-sized teeth, whereas more faunivorous species, such as 
Hydromys (Fig. 5b), have progressively more reduced distal teeth. 
In comparison with dental complexity’, however, molar propor- 
tions seem not to be a measure of diet across mammalian orders 
because, for example, many herbivorous primates have progressively 
larger distal molars. We propose that molar proportions may not 
reflect function itself but may manifest the way in which develop- 
ment, by affecting the variational properties of teeth, responds to 
selection on functional features such as complexity and overall size. 

Whereas our model predicts evolutionary change based on 
development, these predictions should not be taken as constraints 
on evolution. One clear exception is herbivorous arvicoline rodents 
(voles), in which the anterior part of their M1 is greatly elongated 
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Figure 5 | The inhibitory cascade and the ecological context of murine 
dental diversity. a, From the macroevolutionary data (black line), the M2/ 
M1 size was used to calculate the predicted M3/M1 size with the inhibitory 
cascade model (orange line; examples of molar proportions: 

M1 = M2 = M3; M1 > M2 > M3; M1 > M2 > M3). The random relay 
prediction illustrated (blue line: M1 = M2 > M3; M1 > M2 = M3; 

M1 >> M2> M53), for which randomized M2/M1 sizes were used to predict 
M3/M1 sizes, is the mean of reduced major axis regressions performed on 
each of 1,000 random simulations. All correlations, slopes and intercepts of 
the diversity data and the prediction of the inhibitory cascade model are 
significantly different from those of the 1,000 random relays (P = 0.005 to 
P<0.001). b, The most equal molar proportions are found in herbivorous 
taxa and the least equal in faunivorous taxa, indicating that the inhibitory- 
cascade-influenced phenotypic change is under the control of ecology. The 
three examples of molar rows are scaled to body size (scale bar, 0.01 of body 
length) and are for Mallomys rothschildi (herbivore, n = 2), Mus musculus 
(omnivore, n = 22) and Hydromys chrysogaster (faunivore, n = 3), anterior 
towards the left. Error bars denote s.e.m. For details see Supplementary 
Information. 
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(refs 28, 46). This change can be considered a developmental novelty 
in which the M1 extension is allowed because there are no premolars 
in the anterior dental diastema. Nevertheless, we postulate a general 
situation in which any developmentally derived rule would predict 
that organisms should most often fall on the developmentally 
favoured evolutionary trajectory (Figs 4 and 5). In the inhibitory 
cascade, for example, many Old World primates and ungulates have 
a weak inhibitory cascade resulting in large distal molars (M1 < 
M2 < M3), but are still predicted to fall along the predicted trajec- 
tory. In contrast, other kinds of developmental change would be 
required for invasion of other parts of the morphospace. For 
example, evolving M1 < M2 > M3 proportions can be predicted to 
require a combination of low inhibition and specific early arrest of 
M3 development. However, for murine molars, the inhibitory cas- 
cade seems to have sufficed when murine rodents, the most taxo- 
nomically diverse mammalian group living, radiated into multiple 
adaptive zones. 


Conclusions 


The inhibitory cascade model is an activator—inhibitor network- 
derived model that allows the prediction of evolutionary paths in a 
given selective environment. These kinds of mechanistic model differ 
from classical correlation-based approaches (for example, genetic 
covariance) because the developmental mechanism is identified 
and there is greater conceptual continuity from genotype to pheno- 
type’. To this end, the exact genetic underpinnings of the inhibitory 
cascade model remain to be identified. Whereas possible molecular 
level candidates include signalling molecules (and their inhibitors) 
such as BMPs, Activin A (Fig. 3) and Ectodysplasin”’, and transcrip- 
tion factors such as Pax9 (ref. 48), the inhibitory cascade may or may 
not be centred on the same genes in every species. Ultimately, with 
many more than 500 extant species and divergence times extending 
from the Pleistocene through to the middle Miocene*’, murine 
rodents may provide excellent tests for the generality of high-level 
and low-level developmental rules. For this task, we would argue that 
the best tests of usefulness of identified developmentally derived rules 
are both the generality of the rule’s use in other systems or taxa and 
the ability to demonstrate how development matters in explaining 
the evolution of phenotypes. 

Because activator—inhibitor networks are a common mechanism 
in development, we suggest that inhibitory cascade-derived rules may 
apply in explaining the size relationships in adjacent organs beyond 
tooth development, particularly in other systems with sequentially 
developing organs or repeating elements. In insects, competition 
between developing body parts has been shown to affect the evolu- 
tion of morphology~”, and the inhibitory cascade may also be under- 
stood as a form of sequential competition between adjacent organs. 
In teeth, our model resolves long-standing debates about the regu- 
lation of individual molar initiation and size, highlighting the 
essential role of inhibitors in shaping the entire dental system. 
Furthermore, our strategy of using the experimentally defined logic 
of organ systems to develop high-level testable models for predicting 
morphological evolution provides a blueprint for further exploration 
of evolutionary predictability in natural systems. 


METHODS SUMMARY 


Lower molar tooth germs were dissected from heterozygous ShhGFP mouse 
embryos* at day 13 or 14 after fertilization, as described previously”. 
Posterior tails (giving rise to M2 and M3) of developing M1s were separated, 
and both pieces were cultured a short distance from each other. Explants 
were photographed daily from initiation to day 12 of culture, and the molar 
initiation date was determined on the basis of the first visible epifluorescence 
marking the formation of each primary enamel knot. Recombinant protein 
beads*®* were placed on the posterior end of day 14 tooth germs. Tooth rows 
of 29 murine rodent species, representing the range of diets across the phylogeny 
within the subfamily, were scanned with a laser scanner and entered into 
the MorphoBrowser database (http://morphobrowser.biocenter.helsinki.fi/) as 
described previously’*. Two-dimensional crown areas were measured from 
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images of 61 explants and scans of 29 species. For all measures, statistical 
differences between groups were tested by using Mann—Whitney U-tests, each 
with two-tailed exact significance levels, performed in SPSS version 11.0 (SPSS 
Inc.). Model randomizations and calculations of reduced major-axis regres- 
sions” were performed in a custom Visual Basic 6.0 program (Microsoft 
Corp.) and additional calculations of reduced major-axis regressions were 
performed in PAST (http://folk.uio.no/ohammer/past/index.html) (see Supple- 
mentary Information). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Tooth cultures. Lower M1 tooth germs were dissected from heterozygous 
ShhGFP mouse Shh?" @CF/COG”* embryos® at day 13 or 14 after fertilization 
and cultured at 37 °C and 5% CO) with a Trowell-type organ culture as described 
previously****. In brief, teeth were placed on 0.1 4m Nucleopore filter paper 
(Whatman) on a raised wire grid in a small Petri dish containing 2 ml of tissue 
medium (45% DMEM (Gibco), 45% F12/Glutamax (Gibco), 10% fetal bovine 
serum (PAA Laboratories GmbH) and 1% penicillin-streptomycin (10 U ml” |; 
Gibco)]. Medium was replaced every two to three days, and ascorbic acid 
(100 jig ml~') was added. The epifluorescence of ShhGFP teeth closely follow 
the patterns of Shh expression detected with in situ hybridization techniques”. 
In vitro experiments. Tooth germs were separated from the jaw tissue, which, if 
left in place, would grow and stunt the development of teeth in culture. Posterior 
tails of tooth germs in culture were separated from the tooth germ with a 25- 
gauge needle, and both pieces were cultured a short distance (about 100 ttm) 
from each other on the same filter paper. For a clean cut, the filter paper with the 
tooth germ was briefly placed on a glass Petri dish for the cutting, taking care to 
avoid desiccation, then returned to the grid over medium. For day 13 tooth 
germs, the tail was cut from the point at which the initial anterior broadening 
stopped, or one-quarter of the way from the end of the tail. Digital images of 80 
explants were taken daily (except for 80 out of 1,040 cases) from initiation to day 
12 of culture under a fluorescence microscope (Leica MZFLIII microscope and 
Olympus DP50 digital camera system at magnifications of 3.2 and 4.0, 
resulting in 0.44 and 0.55 pixel jim | resolutions, respectively). Molar initiation 
date was tabulated by tracking backwards from the final M2 or M3 to the first 
visible epifluorescence marking the formation of the primary enamel knot. 
Recombinant protein bead experiments were performed as described 
previously". Agarose beads (Affi-Gel-Blue beads, catalogue no. 153-7302; 
Bio-Rad) were washed three times in PBS, then soaked in Activin A 
(100 ng pl ')°°, BMP4 (100 ng ul '; R&D Systems) or BSA control (1 pg pl |; 
Sigma). Roughly 50 beads were soaked in 5 pl of 100 ng ul! protein solution for 
45 min at 37 °C and a bead was placed with fine forceps on the posterior end of 
the day 14 tooth germ. 
Quantitative analyses of experimental and macroevolutionary data. We chose 
the day 12 culture point for morphological measurements because at this stage 
M1 has reached, and M2 is close to reaching, asymptotic size and because after 
this day teeth are often difficult to measure accurately in vitro because of super- 
fluous tissue growth and differentiation. From digital images we measured the 
two-dimensional areas of developing tooth crowns. Even when teeth have rolled 
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onto their side this gives a reasonably consistent measure of size because 
cultured teeth have a tendency to flatten. However, explants in which M1 was 
pointing vertically, thus providing a considerable underestimate of its size rela- 
tive to other molars, were excluded from measurements. The areas of 61 M1s, 48 
M2s and 17 M3s were measured with NIH Image 1.63 and ImageJ (http:// 
rsb.info.nih.gov/ij/). In addition, molar sizes were measured on alternate days 
of culture for 21 explants. 

The 29 murine rodent species used in the macroevolutionary analysis 

were selected to represent the range of diets across the phylogeny within the 
subfamily and were determined from published literature sources described 
previously’*. A tooth row of each species was scanned with a Nextec Hawk 
three-dimensional laser scanner and entered into the MorphoBrowser database 
at http://morphobrowser.biocenter.helsinki.fi/ (ref. 42). Teeth were oriented 
manually to maximize crown-base projection and crowns were captured with 
the JavaView viewing utility in MorphoBrowser. Two-dimensional areas 
were measured with NIH Image 1.63 and ImageJ. All ratios were plotted with 
the use of non-transformed mm” areas. 
Developmental models. We assumed a linear effect of the activator and inhi- 
bitor ratio on tooth proportions, namely (a — i)/i= (a/i) — 1. Other relation- 
ships (for example, log(a/i)) would alter the amount by which teeth changed 
along the inhibitory cascade trajectory but not the trajectory itself. Solving 
the molar sizes from 1+ [(a—i)/i](x—1) gives M1=1, M2=a/i and 
M3 = 2a/i— 1. Molar proportions (of all the molars) are M1 = i/3a, M2 = 1/3 
and M3 = (2a-— i)/3a. From these formulae, the relationship between the 
M2/M1 ratio and the M3/M1 ratio is M3/M1 = 2(M2/M1) — 1. Note that the 
constant 1/3 proportion of M2 is lost if the tooth row has four molars. 
Progressively larger posterior molars may still be initiated sequentially if their 
growth rates are correspondingly faster. Even though the model may apply to 
volumes (or numbers of cells), we present our measurement data with two- 
dimensional surface areas because we consider these more reliable and because 
they are commonly used in morphological research. We note, however, that 
transforming the two-dimensional areas to volumes does not change the pattern 
of results. In the random relay model, we randomly reshuffled the M2/M1 sizes 
(in effect, the strength of (a — i)/i) before determining M3/M1 sizes. A total of 
1,000 randomizations were performed in a custom Visual Basic 6.0 program and 
calculations of reduced major axis regressions were performed as described*’. 
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Enzymatic capture of an extrahelical 
thymine in the search for uracil in DNA 


Jared B. Parker’, Mario A. Bianchet*, Daniel J. Krosky’, Joshua I. Friedman’, L. Mario Amzel? & James T. Stivers’ 


The enzyme uracil DNA glycosylase (UNG) excises unwanted uracil bases in the genome using an extrahelical base 
recognition mechanism. Efficient removal of uracil is essential for prevention of C-to-T transition mutations arising from 
cytosine deamination, cytotoxic UeA pairs arising from incorporation of dUTP in DNA, and for increasing immunoglobulin 
gene diversity during the acquired immune response. A central event in all of these UNG-mediated processes is the singling 
out of rare UeA or UeG base pairs in a background of approximately 10° TeA or CeG base pairs in the human genome. Here we 
establish for the human and Escherichia coli enzymes that discrimination of thymine and uracil is initiated by thermally 
induced opening of TeA and UeA base pairs and not by active participation of the enzyme. Thus, base-pair dynamics has a 
critical role in the genome-wide search for uracil, and may be involved in initial damage recognition by other DNA repair 


glycosylases. 


The viability of living organisms depends on efficient and highly 
specific enzymatic repair of the ubiquitous chemical damage that is 
inflicted on genomic DNA’. One of the most conserved enzyme 
combatants in this battle to maintain genomic integrity is uracil 
DNA glycosylase (UNG), which locates undesirable uracil bases in 
DNA and then severs the bond between the base and deoxyribose 
sugar, initiating the process of uracil base excision repair’. Efficient 
removal of uracil is essential for prevention of CT transition 
mutations arising from cytosine deamination’, cytotoxic UeA pairs 
arising from incorporation of dUTP in DNA’, and for increasing 
immunoglobulin gene diversity during the acquired immune 
response’. 

One intriguing structural aspect of the recognition mechanism is 
that the enzyme interacts with uracil in DNA using an extrahelical 
recognition mechanism whereby the uracil base is expelled from the 
base stack, and engulfed deep in the active site pocket (FF state, 
Fig. 1)*>°. The size of the uracil-specific active site sterically destabi- 
lizes binding of the larger thymine base, which differs from uracil by 
only a single methyl group at the 5-position of the pyrimidine ring. 
Consistent with this model, UNG has been converted into a thymine 
DNA glycosylase by a simple amino acid substitution that enlarges 
the active site’. The activity of such a mutant on a normal thymine 
base would, by necessity, require flipping of thymine from the DNA 
duplex, which raises the compelling question whether the search for 
uracil also involves flipping of normal thymine bases in a molecular 
quality control inspection process. Such a process was indeed sup- 
ported by NMR dynamic measurements of TeA base-pair opening 
in the presence of UNG, where the enzyme was found to increase 
substantially the lifetime of the open state of thymine in TeA base 
pairs*”. In contrast, UNG had little effect on the base-pair opening 
rate as compared to the free DNA. These surprising findings sug- 
gested a passive role for the enzyme in trapping extrahelical pyrimi- 
dines, rather than actively accelerating their expulsion from the DNA 
duplex. The implication was that spontaneous thermally induced 
opening of TeA and UseA base pairs exposes an extrahelical state 
that sets in motion the remainder of the base-flipping process. 
Although these NMR studies suggest the presence of a weak 


pyrimidine-binding site that is occupied transiently on the flipping 
reaction coordinate (EI, Fig. 1), the location and interactions of this 
site with the base are entirely unknown. 
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Reaction progress 


Figure 1 | Extrahelical uracil recognition by UNG and reaction coordinate 
tuning. Uracil emerges from the DNA base stack (reactant or R state) by 
spontaneous UeA base-pair breathing, where it is then trapped by UNG as an 
unstable early intermediate state (EI) on the base-flipping reaction 
coordinate. EI is very unstable (high energy), compared to the low-energy 
intrahelical bound state for a TeA or UeA base pair or the fully-flipped (FF) 
state*’. Substitution of adenine with its nonpolar analogue, 4-methylindole 
(M), energetically destabilizes the intrahelical R’ state. Substitution of uracil 
with 5-methyluracil (5-MeU or thymine, T) greatly destabilizes the FF’ state 
because the bulkier T fits poorly into the uracil active site, but T can access 
the EI’ state*’. The energetic effects of reaction coordinate tuning on base 
flipping are shown by the vertical arrows. Destabilization of the R and FF 
states allows population of the otherwise unstable EI intermediate, allowing 
its structural characterization by X-ray crystallography. The free energy 
levels that are depicted in this figure are exaggerated for clarity of exposition. 
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A cryptic pyrimidine-binding site on UNG 

Structural characterization of transient reaction intermediates is a 
formidable challenge, made even more difficult in protein-DNA 
interactions by the occurrence of weak enzyme-binding modes that 
thwart formation of the unique complex of interest. Here we report 
the use of a reaction coordinate tuning method to populate a trans- 
itory state during enzymatic base flipping (Fig. 1). The approach is 
based on two principles obtained from extensive thermodynamic, 
NMR and rapid kinetic studies of base flipping by UNG*"". The first 
principle is that the equilibrium constant for base flipping may be 
shifted away from the reactant state by destabilization of the uracil 
base pair. Accordingly, the nonpolar adenine isostere 4-methylindole 
(M) possesses no hydrogen-bonding groups (Fig. 1)’, and when 
placed opposite to uracil in DNA allows UNG to bind 8,000 times 
more tightly as compared with an identical DNA with a UeA base 
pair'®. The second principle is that the fully extrahelical product state 
(FF, Fig. 1) can be destabilized by replacing the 5-hydrogen of uracil 
with a bulky methyl group to make 5-methyluracil (5-MeU or T) that 
sterically prevents access to the uracil pocket (Fig. 1)’. Combining 
these two principles flattens the energy landscape for base flipping 
and allows population of any transient extrahelical states that may 
exist between the reactant and product states (EI’, Fig. 1). 

The structure of human UNG bound to DNA containing a central 
TeM base pair refined to 2.5A resolution reveals that the central 
thymine is rotated from the base stack by about 30° (Fig. 2a and 
Supplementary Fig. 2a), which is only one-sixth of the 180° rotation 
required to fully flip uracil into the active site pocket (Protein 
Data Bank code 1EMH, Fig. 2b)°. Hence this structure represents a 
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structural snapshot of a very early intermediate on the base-flipping 
pathway. Despite the large differences in the positions of the extra- 
helical bases in the early intermediate (EI’) and the previously 
reported fully flipped (FF) structure, the complexes share many of 
the same DNA backbone interactions, indicating that the initial steps 
in flipping uracil and thymine are identical (Fig. 2c). Most notably, a 
key DNA intercalating residue (Leu 272) protrudes into the minor 
groove of the DNA in both complexes (side chain shown in yellow in 
Fig. 2d), with its 6CH; group lodged within van der Waals contact 
distance of the deoxyribose ring of the flipped nucleotide. This leu- 
cine has been shown in rapid kinetic studies to be important in 
promoting forward migration along the base-flipping pathway, with 
functional roles both early and late in the process’’. The intercalated 
position of Leu 272 in the EI’ complex is fully consistent with its 
proposed early role in flipping that involves plugging the gap in the 
base stack left behind by the extruded base, thereby inhibiting its 
retrograde motion back into the duplex. Additional interactions 
common to the EI’ and FF complexes involve the phosphodiester 
groups flanking the extrahelical nucleotide, as shown in Fig. 2c for the 
EI’ complex. These interactions include neutral hydrogen bonds 
from either the backbone amide or side-chain hydroxyl groups of 
residues Ser 169, Ser 270, Ser 273 and Ser 247 to the bridging or non- 
bridging phosphate oxygens (Supplementary Fig. 2a). The early 
emergence of these serine-phosphate interactions along the flipping 
pathway is consistent with previous kinetic and mutational studies’’. 

We conclude that T and U follow the same flipping reaction coord- 
inate on the basis of the following lines of evidence. First, both bases 
emerge spontaneously from the duplex with similar rates kinetically 


Figure 2 | Stabilization of extrahelical thymine in the El’ state in complex 
with UNG. a, View of the extrahelical thymine trapped in the EI’ state with 
UNG. b, View of extrahelical uracil containing DNA in the FF state with 
UNG (Protein Data Bank code 1EMH)*. ¢, Interactions with the MeT base 
pair in the EI’ state. Distance (in angstroms) is indicated by dotted lines. 
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d, Computational model of the R (reactant state) complex with an 
intrahelical thymine (blue) is shown aligned with the crystallographic 
models for the EI’ (red) and FF (green) complexes. The view is rotated 90° 
out of the plane of the page relative to panels a and b. The extended coil 
region containing His 148 is indicated in red. 
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competent for base flipping (see further discussion below)*”. Second, 
the enzyme-DNA backbone interactions of T in the EI state are 
shared with those of U in the final FF state (see above). It is thus 
quite easy to see how these early interactions would lead to the FF 
state. Third, there are no interactions of the enzyme with the sub- 
stituent at the 5 position of the base in the EI state. Thus, there is no 
obvious way that UNG could discriminate between the 5-CH; of T 
and the 5-H of U at this stage, strongly indicating that U and T 
occupy this same transient site (Fig. 2c). Finally, we have also 
obtained a crystal structure of the abasic product DNA arising from 
slow excision of thymine in the crystal over several weeks 
(Supplementary Fig. 2b). Thus, T is a very slow substrate that requires 
that it transiently accesses the active site. Therefore, the pathway for 
flipping T is productive, consistent with it following the same path- 
way as U. 

Despite similar DNA backbone interactions in both complexes, 
the overall DNA structures are quite different for the EI’ and FF 
complexes (Fig. 2a, b). For both structures, the DNA resembles 
B-form DNA 3’ of the flipped nucleotide, with an average rise of 
~10.5 base pairs per turn and standard 2’-endo sugar puckers. 
However, there is a ~20° shift in the helical axis immediately 5’ to 
the flipped uracil in the FF complex that arises from the extreme 
conformation of the extrahelical nucleotide. In contrast, the EI’ com- 
plex deviates in only a minor way from docked B-form DNA except 
for local perturbations at the immediate site of thymine extrusion 
(compare Fig. 2a and b). The absence of extreme DNA bending in 
the EI’ complex is consistent with fluorescence and NMR studies of 
the early stages of base flipping that indicated little perturbation of 
the DNA base stack and preservation of the B-form DNA conforma- 
tion®. This aspect of the UNG reaction differs from observations 
obtained from structural studies of DNA complexes with human 
8-oxoguanine DNA glycosylase (hOGG1), in which the enzyme 
seems to bend DNA regardless of whether the cognate oxidized base 
(8-oxoguanine) is present'*’®. DNA bending is a key component of 
the base extrusion process because it allows widening of the major 
groove, providing an egress pathway for the base, and also serves to 
release some of the strain resulting from the DNA backbone distor- 
tions that accompany flipping. 

The most marked difference between the EI’ and FF complexes is 
the position of the extrahelical thymine and uracil base (Fig. 2a—d). 
The thymine base, which is highly exposed to solvent, docks against 
two regions of UNG that form the mouth of the active site. A key 
interaction is a charged hydrogen bond (d= 2.6 A) that is formed 
between thymine O2 and the side-chain NHée proton of the comple- 
tely conserved His 148, which is located near the beginning of a 
long coiled region of the protein backbone that stretches from 
residues Gln 144 to Pro 167 (thin red strand, Fig. 2d). A second 
interaction is observed between the imino proton of thymine and 
the backbone carbonyl of His 212 (d= 3.2 A), which is located 
in a highly conserved nine-residue turn that encompasses residues 
Ala211 to Glu219. Aside from these two hydrogen bonds, there are 
no other interactions of UNG with the thymine base. Never- 
theless, these limited interactions could provide specificity for 
uracil and thymine because neutral cytosine is not complementary 
with this hydrogen bond donor-acceptor pattern. In addition, 
bulky purines would be sterically excluded from the site owing to 
the tight packing of Leu272 against the deoxyribose, which fixes 
the position of the deoxyribose—base glycosidic bond. In contrast 
with the relatively sparse interactions observed in EI’, the uracil base 
is extensively desolvated in the FF complex, with every potential 
hydrogen bond donor and acceptor interaction fulfilled, and in 
addition, favourable edge-face aromatic interaction between 
Phe 158 and the uracil ring®. The increasing interactions with the 
base and the phosphate backbone as the reaction proceeds indicate 
that base flipping occurs within an enzyme energy landscape that 
serves to drive the reaction forward in a succession of energetically 
downhill steps'®”’. 
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Conformational flexibility in flipping 
The EI structure reveals that the flipped nucleotide undergoes unex- 
pected conformational changes over the reaction coordinate (Fig. 3). 
In the EI state, the plane of the thymidine sugar has rotated by about 
30° relative to the B-DNA reactant state, but the thymine base has 
rotated around the glycosidic torsion angle (y) by 180° to place it in 
an unusual syn conformation and 3’-exo sugar pucker. This glycosi- 
dic bond rotation would nicely serve to present the Watson—Crick 
edge of the base to the enzyme binding pocket, allowing it to recog- 
nize specifically the hydrogen bond donor-acceptor pattern of uracil 
and thymine. Finally, migration of uracil into the active site requires a 
further 120° rotation of the sugar plane and, also, another 90° rota- 
tion of the base around y (Fig. 3). The unexpected conformation of 
thymine in EI suggests that rapid, unrestrained rotation around x 
occurs at one or more steps along the reaction path to the active site. 
The capture of thymine in the transient pyrimidine binding site on 
UNG corresponds to an earlier stage of base flipping than a previous 
structure of hOGGI, in which an extrahelical guanine was trapped 
using disulphide crosslinking technology™. In the hOGGI structure, 
the sugar of the flipped guanine nucleotide was rotated nearly 150°, 
which is nearly the full rotation required to move it from the DNA 
base stack into the active site. In contrast, the thymine sugar is only 
rotated about 30° when it occupies the transient binding site on 
UNG. In a similar manner to UNG, hOGGI also uses an imidazole 
NH (His 270) to stabilize the flipped guanine in its binding site. In 
both enzymes, the imidazole—base interactions move to the phos- 
phate backbone in the final pre-catalytic complex. 


Base-pair-opening dynamics 

As summarized in Fig. 4a, the structure of the EI’ complex reveals 
discrete interactions that, when deleted, should have a deleterious 
impact on UNG’s ability to stabilize the extrahelical thymine. To 
explore the energetic role of these groups, we mutated residues 
corresponding to His 148, Gln 144, Leu272, Ser 247, Ser 169 and 
Ser 270 to alanine or glycine and then measured the effects on the 
NMR imino proton exchange rates with solvent using a symmetric 
10-mer duplex with a central TeA base pair (Fig. 4a and Supple- 
mentary Figs 3 and 4)'*!’. Previous NMR studies have established 
that UNG accelerates the observed imino proton exchange rate of 
the central thymine by 25 times that of the same proton in the free 
DNA duplex*, and that these effects on spontaneous thymine base- 
pair opening are not unique to this DNA sequence’. The observed 
acceleration arises from a 75-fold increase in the equilibrium 
concentration of the solvent-exposed open state from which 
exchange occurs (Kopen = kopen/kelose). The increase in Kopen arises 


Figure 3 | Conformational changes in the sugar and base along the flipping 
reaction coordinate. In the first step of the reaction to form EI, the sugar 
plane rotates about an apparent angle of 30°, and the base rotates 180° 
around the glycosidic bond and moves about 4.4 A relative to the B-DNA 
reactant state (R, blue). In the second step (EI—FF), the sugar plane and base 
rotate a further 120° and 90°, respectively. Note that the structure of the FF 
state was obtained using the C-glycoside analogue of deoxyuridine, 
pseudodeoxyuridine. Changes in the DNA backbone torsional angles that 
accompany these transformations are listed in the figure. 
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almost entirely from an enzyme-induced decrease in the closing rate 
(kaose) and not an acceleration of the spontaneous opening rate 
(kopen) as compared to the free DNA*’. 

The imino proton exchange time courses for the central thymine in 
the presence of wild-type UNG and the mutants are shown in Fig. 4b 
(see also Supplementary Tables 2 and 3, and Supplementary Figs 3 
and 4). In general, the mutations reduced the exchange rate in the 
range of twofold to tenfold (Fig. 4c), confirming that these inter- 
actions stabilize the EI state. Unlike wild-type UNG, we were unable 
to detect general base catalysis of imino proton exchange with any of 
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Figure 4 | Interaction map for the El’ complex and imino proton exchange 
profiles for wild-type UNG and several mutant forms. a, Side-chain and 
backbone interactions of UNG with the extrahelical thymine base and DNA 
phosphate backbone in the EI’ complex (MC, main chain). b, Imino proton 
exchange is a two-step process that requires base-pair opening 

(Kopen = Kopen!/Ketose) followed by imino proton exchange with solvent, which 
may be followed by using NMR magnetization transfer from water'®. The 
data are fitted to equation (1) (see Methods) and the exchange time courses 
for wild-type UNG and six mutants are indicated. kg[B] is the buffer (B)- 
catalysed exchange rate, and (I/Ip)"° is the ratio of the T6 imino proton 
resonance intensity in the presence (I) and absence (Io) of magnetization 
transfer from solvent. c, Exchange rates (k.,) for T6 in the presence of wild- 
type UNG and the indicated mutants. 
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the exchange-defective mutants. This finding indicates that, for these 
mutant enzymes, the imino position is inaccessible to the difluoro- 
ethylamine base catalyst. In contrast, its exposed position observed in 
the complex with wild-type UNG (Fig. 2c) facilitated robust general 
base catalysis and allowed measurement of the microscopic rate and 
equilibrium constants for the two-step exchange process (Fig. 4b)*. 
The largest effects observed with the L272G, S169A and S270A 
mutant enzymes decrease the exchange rate of the central thymine 
by tenfold, to nearly the level observed in the free DNA duplex 
(Fig. 4c). The large effect on the exchange rate on removal of 
Ser 169 may be indirect because its Oy is located over 4A from 
the phosphate (Fig. 4a). However, Ser 169 also contacts Oy of 
Ser 270, which shows a tenfold reduction on the exchange rate, and 
Ser 270 is positioned only 2.4 A from the 5’ phosphate of the flipped 
thymine. These mutational effects on imino exchange are similar to 
the 39-, 5- and 10-fold effects of these same mutations on the stability 
of the FF state’’, supporting the contention that these interactions are 
relevant early and late on in the reaction coordinate for thymine and 
uracil. With respect to stabilization of the EI state, it seems that the 
leucine plug and the serine-DNA phosphate interactions are more 
important than the His 148 hydrogen bond to O2 of the base. 
Surprisingly, the Q144A mutation did not result in slowing of the 
exchange rate even though the Gln 144 side-chain amide forms a 
3.1A hydrogen bond to the phosphate backbone (Fig. 4a, c). By 
modelling, we find that removal of Gln 144 accommodates the 
change to the most common side-chain rotamer of Asn 215 that 
moves its amide to within 3.2 A of the target phosphate (Fig. 2c), 

providing a plausible structural basis for the absence of a mutational 
effect. 

These results highlight the importance of using complementary 
methods to distinguish between active and passive mechanisms for 
base flipping, because static structures are incapable of revealing the 
order of events. In this regard, previous structural studies of the DNA 
complexes of hOGG1 and MutM did not address the issue of whether 
these enzymes actively flip 8-oxoguanine from the duplex or, on the 
other hand, use a passive trapping mechanism as observed here for 
UNG"*"’. For UNG-bound DNA, the initial event of spontaneous 
base-pair opening may be estimated to occur with a rate constant 
kopen = 1,400 s* at 25°C, based on our measured opening rate at 
10°C and previously measured activation enthalpies for base-pair 
opening (16-19 kcal mol ')!*”°. This rate is easily fast enough to 
account for the observed rates of enzymatic uracil flipping at 25 °C 
(<700s ')!3. 

This study illustrates the significance of DNA base-pair dynamics 
in damage base recognition, and provides an interesting example of 
enzymatic recognition of a transient high energy conformation of a 
substrate, rather than the ground state. Notably, UNG does not dis- 
tinguish uracil from thymine while it lies within the DNA helix, as 
previously proposed for 8-oxoguanine recognition by MutM glyco- 
sylase'’, but instead discrimination occurs in a transient pyrimidine 
sieving pocket on the enzyme. This pocket solves the central kinetic 
problem in efficient base flipping: the extremely rapid re-entry of the 
base into the DNA duplex. Hence, by slowing down the retrograde 
motion, UNG promotes efficient and selective forward commitment 
of uracil down the remainder of the flipping pathway. Finally, the 
reaction coordinate tuning method used here offers an attractive and 
potentially less perturbing alternative to the disulphide crosslinking 
approach for trapping complexes of enzymes with unstable extra- 
helical bases”’. 


METHODS SUMMARY 


The special 4-methylindole (M) phosphoramidite was synthesized according to 
published procedures'*”’. The DNA strands used for obtaining the crystal struc- 
ture of the UNG-EI’ complex were synthesized using standard solid-phase DNA 
synthesis methods from commercially available nucleoside phosphoramidites 
and hybridized to form the TeM duplex (strand 1, 5’-TGTTATCTT-3’; strand 
2, 5'-AAAGATMACA-3’). Purification of bacterial and human UNG has been 
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described’? °°. NMR magnetization transfer experiments were performed as 
described previously*’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Materials. The 10-mer TeA duplex for the NMR _ studies (5’- 
C,T2G3G4AsT6C7CgAgGjo-3') was purchased from Integrated DNA 
Technologies. It was purified by anion exchange HPLC (Zorbax) and desalted 
using a C-18 reversed phase HPLC column (Phenomenex Aqua column). The 
purity of all oligonucleotides was assessed by matrix-assisted laser desorption 
mass spectroscopy and denaturing polyacrylamide gel electrophoresis. The 
extinction coefficient of the duplex has been determined to be 
144mM_ ‘cm! at 260 nm’. 

Purification of bacterial UNG and mutants. As previously described, recom- 
binant UNG from Escherichia coli strain B was expressed using a T7 polymerase- 
based overexpression system and purified to >99% homogeneity****. The 
concentration of the enzyme was determined using an extinction coefficient of 
38.5mM ‘cm’. All of the mutations in this work were generated using the 
Quick-Change double-stranded mutagenesis kit from Stratagene, and the muta- 
tions were confirmed by sequencing both strands of the DNA. The purity of the 
mutant enzymes was greater than 95% as judged by SDS—polyacrylamide gel 
electrophoresis with visualization by Coomassie blue staining. 

Crystallization of the complexes of human UNG and DNA. Human UNG2 was 
expressed and purified as described previously’. A solution of human UNG2 
(0.5 pl, 22 mg ml!) in a buffer containing 50mM Tris-OAc, pH 7.0, 150 mM 
NaCland 1 mM dithiothreitol (DTT), was mixed with TeM duplex DNA (0.5 ll, 
2.5mM). The mixture was allowed to incubate at ambient temperature for 
30 min, and then centrifuged at 10,000g for 5 min. Co-crystallization condition 
was 22% PEG 4000, 100 mM sodium HEPES, pH 6.5 and 1 mM DTT. A total of 
1 ul of the complex was mixed with an equal volume of precipitant, and allowed 
to crystallize at 22°C using the hanging-drop method. Crystals were observed 
within 48h. Crystals grew in tight agglomerates. Separation of a single crystal 
produced considerable stress in the crystals, which resulted in high mosaicity. A 
piece ofa single crystal harvested a few days after growth, with a mosaicity of 2.6°, 
was used for the EI complex structure. A search to obtain isolated or more robust 
crystals was performed. Trials with 0.5% to 1% v/v of dioxane produced isolated 
crystals, between two to three weeks after set up. These high-quality crystals 
diffracted beyond 2.0 A resolution in a home source; however, all crystals inves- 
tigated were of a DNA duplex with an abasic residue, due to enzymatic activity 
during crystal growth (Supplementary Fig. 2b). 

X-ray crystallography and structure determination. The two crystal forms in 
their unmodified mother liquor were flash frozen, and X-ray diffraction data 
were collected using an in house X-ray source. The package HKL2000 (ref. 27) 
was used for data reduction. The structures were determined by molecular 
replacement methods using the program PHASER”. The protein portion of 
the complex of UNG bound to uracil-containing DNA (Protein Data Bank 
1EMH) was used as a search model for both refinements. After initial rigid-body 
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refinement, difference electron density maps showed interpretable nucleotide 
density (Supplementary Fig. 2). The final model of the EI complex, refined using 
REFMACS (ref. 29) with isotropic temperature factors, has excellent stereo- 
chemistry and all but two non-glycine/proline residues in allowed regions of 
the Ramachandran plot (Asn 215 and Phe 155). The data collection and refine- 
ment statistics for both crystal forms are reported in Supplementary Table 1. 
Docking of B-form DNA onto UNG. A model of B-form DNA (strand 1, 5’- 
TGTTATCTT-3’; strand 2, 5’-AAAGATAACA-3’) was built using the program 
Quanta (Accelerys Inc.). An initial docking, performed using the PYMOL pair- 
fitting utility (Delano Scientifics LLC), was followed by manual adjustment. 
Figures were drawn using MOLSCRIPT and PYMOL”, and rendering was per- 
formed with POVRAY 3.6. 

NMR sample preparation. The 10-mer DNA duplex was hybridized in NMR 
buffer (1mM Tris-d6-HCl, 35 mM NaCl, pH8.0 at 10°C). When preparing 
samples of the complex, 1mM E. coli UNG and 0.8mM 10-mer TeA DNA 
duplex were combined in a 500 ul total volume at high salt concentration 
(~500mM NaCl) to avoid UNG precipitation, and then diluted with NMR 
buffer several times using a Microcon YM-3 centrifugal concentrator 
(Millipore) to provide a final NaCl concentration of 35 mM®. Data were acquired 
using 0.3-ml samples in 5-mm Shigemi reduced-volume NMR tubes. 

NMR spectroscopy. NMR spectra were acquired using either Varian Unity Plus 
500 MHz or Inova 600 MHz spectrometers (Varian NMR Systems) equipped 
with 5-mm triple resonance probes with z-axis-pulsed magnetic field gradients. 
Imino proton exchange rates were determined using NMR magnetization trans- 
fer from water using a gradient-enhanced pulse sequence as previously 
described*. The data were fitted to equation (1), where I,(tmix) is the intensity 
of an imino proton resonance at mixing time f, [,,.q is the equilibrium intensity, E 
is the efficiency of water inversion, k,, is the exchange rate, and Rl; and Rl, are the 
longitudinal relaxation rates for the imino proton and water, respectively. 


I, ( tix) exp( = Ri tmix) = exp( = Rly tix) 
1+ Ekx 
ig Rly Rk 


(1) 


The exchange time courses and nonlinear regression fits to equation (1) for each 
imino proton of each DNA-enzyme complex are shown in Supplementary Fig. 5 
and the exchange rates are reported in Supplementary Table 2. 
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Coherent quantum state storage and transfer 
between two phase qubits via a resonant cavity 


Mika A. Sillanpaa’, Jae |. Park! & Raymond W. Simmonds’ 


As with classical information processing, a quantum informa- 
tion processor requires bits (qubits) that can be independently 
addressed and read out, long-term memory elements to store 
arbitrary quantum states’’, and the ability to transfer quantum 
information through a coherent communication bus accessible to 
a large number of qubits**. Superconducting qubits made with 
scalable microfabrication techniques are a promising candidate 
for the realization of a large-scale quantum information pro- 
cessor®°. Although these systems have successfully passed tests 
of coherent coupling for up to four qubits'’®’’, communication 
of individual quantum states between superconducting qubits 
via a quantum bus has not yet been realized. Here, we perform 
an experiment demonstrating the ability to coherently transfer 
quantum states between two superconducting Josephson phase 
qubits through a quantum bus. This quantum bus is a resonant 
cavity formed by an open-ended superconducting transmission 
line of length 7 mm. After preparing an initial quantum state with 
the first qubit, this quantum information is transferred and stored 
as a nonclassical photon state of the resonant cavity, then retrieved 
later by the second qubit connected to the opposite end of the 
cavity. Beyond simple state transfer, these results suggest that a 
high-quality-factor superconducting cavity could also function as 
a useful short-term memory element. The basic architecture pre- 
sented here can be expanded, offering the possibility for the coher- 
ent interaction of a large number of superconducting qubits. 

A particularly interesting quantum information architecture 
involves the interaction of atoms with optical or microwave cavities 
having discrete electromagnetic modes, or cavity quantum electro- 
dynamics (QED). Cavity QED systems'*'® have enabled fundamental 
tests of quantum mechanics, as well as demonstrations of quantum 
memory and a quantum bus’®. Recently, the Cooper pair box” has 
been successfully incorporated into a superconducting resonant cav- 
ity in order to perform analogous experiments in the strong coupling 
regime, generating a new field of study known as circuit QED'””'. 
Similar resonant cavities have been used to stabilize flux qubits”. 
Thus far, experiments have found spectroscopic evidence for the 
entanglement between two phase qubits and a resonator”’. In this 
circuit QED experiment, we report the first time-domain measure- 
ments showing coherent interactions between two phase qubits and a 
cavity formed by a transmission-line resonator. Moreover, by coup- 
ling two phase qubits to a single cavity, taking advantage of the 
independent control of each phase qubit and single-shot readout, 
we have constructed an elementary quantum memory and quantum 
bus in a superconducting system. 

For a flux-biased Josephson phase qubit™, the ground state |g) 
and the first excited state |e) are encoded in the phase difference 6 
across a large-capacitance superconducting Josephson junction 
placed in a superconducting loop (Fig. la). These states resemble 
those of a simple harmonic oscillator but for the nonlinear, 


anharmonic potential*? formed by the combination of the 
Josephson coupling energy —Ejcos(d) and the inductive energy 
stored in the superconducting loop, where E, is the Josephson energy. 
Owing to their large capacitance, addressability, single-shot readout, 
and the ease with which the energy level separation hw = E, — E,can 
be tuned, phase qubits have proved to be relatively easy to couple 
together’”’. Superconducting qubits offer the possibility of forming 
a quantum processor with the help of communication channels or a 
“qubus’. 

Our superconducting quantum system is presented in Fig. 1b, c. 
Both qubits A and B are inductively coupled to two separate flux bias 
coils: one set of coils is used to adjust a static, direct-current (d.c.) flux 
bias, whereas the other set of radio-frequency coils, with a bandwidth 
from d.c. up to about 20 GHz, enables rapid flux bias changes (‘shift 
pulses’), inductively coupled microwave pulses, and a fast measure- 
ment pulse. Each set of qubit d.c. flux bias lines includes low-pass and 
copper powder filters, while each set of radio-frequency flux pulsed 
lines are combined into a single microwave coaxial line at room 
temperature and attenuated by roughly 40 dB inside the cryostat. 
Microwave pulse control is performed with passively filtered 
(roughly gaussian-shaped pulses) and standard microwave mixers. 
Independently addressable state readout is accomplished via induc- 
tively coupled d.c. superconducting quantum interference devices 
(SQUIDs). 

Our resonant cavity is an open-ended coplanar waveguide 
whose lowest-standing-wave eigenmode (//2-mode) has voltage 
maxima at each end of the waveguide (Fig. 1b). At near-resonance, 
this waveguide acts like a parallel, lumped element resonant LC 
circuit or cavity (Fig. 1c). The 2/2-mode forms a simple harmonic 
oscillator with an energy H,=ho, (ata+ 5) at the frequency 
, / 2m = 1/2nV/LC~8.74 GHz, where L = 2Z)/nm, and C= 11/2@,Z) 
represent their lumped element equivalents, Z ~ 50Q is the char- 
acteristic impedance of the coplanar waveguide, and the raising and 
lowering operators a‘ and 4 increase or decrease the photon number 
in the cavity. 

Using the rotating-wave approximation, the hamiltonian of our 
quantum system formed by a single resonant cavity coupled at both 
ends to qubits A and B has the form of the Jaynes-Cummings hamil- 
tonian'*"> familiar from quantum optics 


A=H,+ > A+ Do hg(a'a!_+a0’.) (1) 

j=AB j=AB 
where H; = hae, a/_ is the single-qubit hamiltonian, a, (6/_) is 
the raising (or lowering) operator for creating (or annihilating) exci- 
tations in the jth qubit, and Aa; is controlled by the amplitude of 


i 
the d.c. and radio-frequency flux bias. The interaction energy 


22, BY Oy (c. / 4/ CG 5) was designed to be large enough to ensure 


that the timescale of quantum state transfer, 1/ga,5 ~ 10 ns, would 
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not be limited by the relaxation times of either qubit or the cavity, 
putting this experiment in the strong coupling regime (g.3 > 
Yap > K) for circuit QED” with qubit decay rates of 4 ~ 20 MHz 
and yp ~ 5 MHz, and a cavity decay rate of k/2m ~ 1 MHz. 

When a single qubit is on-resonance with the cavity, so that the 
detuning is A = w — w, = 0, the individual eigenstates of the cavity 
(|0),]1)) and the qubit (|g),/e)) are no longer the eigenstates of the 
coupled system. Here, we find new eigenstates formed by an equal 
combination of cavity photons and qubit excitations, leading to the 
symmetric and antisymmetric superpositions (|0)|e) +|1)|g)) / V2. 
We also find that the energy-level separation of the new eigenstates, 
h(@ + g), shows the typical vacuum-Rabi mode splitting. In addi- 
tion, the exchange of photons between the cavity and a single qubit is 
strongest on-resonance. 

In a familiar cavity QED experiment, an atom is excited, |e), 
and then interacts with an empty cavity, |0). The initial coupled- 
system state |0)|e) begins to oscillate in time according to 
cos(gt)|0)|e) — isin(gt)|1)|g), so that the atom excitation |e) is trans- 
formed into a cavity photon |1) after a time t= 1/2g set by the 
interaction energy fig. This continues coherently, with the photon 
continuously being transferred back and forth between the atom and 
the cavity in a process known as vacuum-Rabi oscillations. In typical 
atom-cavity systems’*'*, the interaction time is controlled by the 
atom’s velocity through the cavity. In our analogous phase qubit— 
cavity system, we have the flexibility of using fast (~1 ns rise time), 
roughly rectangular flux bias shift pulses to adjust the interaction 
time (pulse width) and detuning 4 (pulse amplitude). 
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As a first demonstration of strongly coupled circuit QED in our 
system, these two basic vacuum-Rabi behaviours were independently 
verified for qubit A and qubit B. In Fig. 2a, we show an example of the 
vacuum-Rabi splitting for qubit B (a similar splitting was obtained 
for qubit A) using well-established spectroscopic techniques**”’. 
Vacuum-Rabi oscillations were also obtained for both qubits using 
an analogous technique borrowed from quantum optics” and used 
previously for a superconducting flux qubit coupled to a lumped- 
element cavity’. With qubit B fixed at a given detuning Ag, a fast 
(~4ns) nt pulse was applied to qubit B, preparing the initial coupled- 
system state |0)|e)y. After a short interaction time, the state of the 
qubit is measured using a fast bias pulse in a manner identical to 
previous coupled-phase qubit experiments’’”®. 

In Fig. 2b, we show an example of vacuum-Rabi oscillations for 
qubit B (similar oscillations were obtained for qubit A) for various 
detunings 4 with a raw contrast of ~20%, visible out to 200 ns. We 
see an increase in the vacuum-Rabi frequency with detuning, roughly 


proportional to ,/4g3 +4}, with a minimum value on-resonance 


(Az = 0). An additional energy splitting, near the cavity resonance 
(seen in Fig. 2a on the lower spectroscopic branch) caused by a two- 
level system (TLS) defect common to large-area Josephson phase 
qubits**”®, is responsible for a slight broadening of the spectroscopic 
splitting and a beating in the oscillations centred at Ap/gp ~ 0.5. 
Numerical calculations taking into account the size and position of 
the TLS agree well with the data for gg/m ~ 86 MHz, where a small 
amount of beating is still visible on-resonance (see the inset of 
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Figure 1| Schematic description of the experiment set-up. a, Potential- 
energy diagram of the phase qubit (red line) and illustration of the operation 
and measurement (green line), where tunnelling of the qubit excited state |e) 
results in a difference of about one flux quantum in the loop, which is read 
out by a d.c. SQUID”. Repeated simultaneous single-shot measurements"! 
(typically 1,000 events per data point) provides the necessary statistics to 
determine the excited-state population P, and Pg of qubits A and B. 

b, Illustration of the quantum memory element with two Josephson phase 
qubits (with junction areas ~14 jum”) connected via coupling capacitors 


C. ~ 6.2 fF to either end of a resonant cavity formed by a 7-mm-long slowly 
meandering coplanar waveguide, with the qubits separated by about 1.1 mm. 
The red line depicts the voltage amplitude of the lowest 1/2-mode. The 
device was fabricated with standard optical lithography, producing Al/AlO,/ 
Al junctions on a sapphire substrate, using SiN, as an insulator between the 
metallic layers. r.f., radio frequency. c, Lumped element equivalent circuit 
near the //2 resonance. The cavity has an effective inductance L ~ 580 pH 
and capacitance C ~ 0.57 pF, and both qubits had roughly La 5 ~ 690 nH, 
E> ~45 K and G*"~0.7 pF. 
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Fig. 2b). Both qubits showed similar behaviour (without a nearby 
TLS in qubit A), differing by less than 10%, with a coupling strength 
(ga, ~ gp) matching the design values (see Fig. 1). 

After calibrating the amplitude of the shift pulses separately, for 
both qubits at their far-detuned operation points, we re-measured 
the vacuum-Rabi oscillations using the shift pulse sequence described 
in Fig. 2c and confirmed that both experimental methods gave sim- 
ilar results. The raw contrast for the vacuum-Rabi oscillations and for 
microwave-driven Rabi oscillations on individual qubits (~40%, 
when far detuned from each other, from the cavity, and from TLS 
defects) are consistent with previous measurements of coupled inter- 
actions using similar phase qubits''”®. It is known that the presence of 
TLS defects reduces qubit quality and causes contrast loss***®*, 
During flux changes, the qubit frequency sweeps past TLS defects, 
inducing Landau—Zener transitions to the qubit ground state, redu- 
cing measurement contrast. 

To investigate the transfer of quantum states through the resonant 
cavity, we use the vacuum-Rabi interaction of both qubits. The com- 
plete sequence (1) to (5) is described in Fig. 2c. Using the static d.c. 
flux bias coils, the phase qubits are completely detuned (44.3 ~ 
15ga,5) from the cavity and from each other to suppress any stray 
cavity and qubit interactions. (1) In this configuration, we prepare a 
superposition state for qubit A using a rapid microwave pulse. (2) 
Next, we apply a shift pulse to qubit A, placing it on-resonance 
with the cavity for a time duration ty. With shift pulse speeds much 
greater than ga/2m but still much less than wa/2n, we effectively 
preserve the initially prepared quantum state until 4, =0, when 
the vacuum-Rabi oscillations begin to mix the qubit—cavity states. 
(3) With the detuning of qubit A restored, we wait for a short storage 
time ts = 10 ns. (4) Then, we use a second shift pulse to place qubit B 
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on-resonance with the cavity for a time fg. (5) Finally, we return 
qubit B to its fully detuned position and both qubits are measured 
simultaneously using a fast (~4 ns) flux bias measurement pulse’'”° 
that reveals the four joint probabilities Pap = Pee Peg Pe and Peo. 
For simplicity, we choose to focus our attention on the individual 
excited-state occupation probabilities Py = Ppg+ Pee and Pg= 
Pye t Peoe 

For the experimental data shown in Fig. 3, we used the state trans- 
fer protocol as outlined in Fig. 2c with an initial microwave 1 pulse 
applied to qubit A to create a simple pure state |e), for transfer. 
Figure 3a, b shows data over a range of interaction times t, and fp. 
The population maxima (red colour) for P, in the target qubit B in 
Fig. 3b satisfy the following conditions: whenever t, is an odd half- 
multiple of a vacuum-Rabi period, qubit A has a low population 
(blue colour) for Pa and we see a corresponding vacuum-Rabi oscil- 
lation of Pg occurring in qubit B. The experimental data are in good 
agreement with theoretical calculations of equation (1) under ideal 
conditions (Fig. 3c, d). 

For clarity, we have extracted a set of three curves from the colour 
plots of Fig. 3a and b (arrows) and displayed them in Fig. 3e and f. If 
both shift pulses last for a half-vacuum-Rabi period 1/2g,,p, then the 
qubit excitation is completely transferred into a cavity photon and 
the subsequent excited-state population Pa is low, while in the target 
qubit B, we simultaneously observe clear vacuum-Rabi oscillations 
(black curve). The fact that the oscillations start from a minimum 
indicates the presence ofa photon in the cavity at the moment of state 
transfer to qubit B, as expected. Thus, the excitation must leave qubit 
A, enter the cavity, where it is stored for a short time, and then finally 
be deposited in qubit B. Repeating this experiment for a full vacuum- 
Rabi period (t, = m/g, ~ 11.6 ns, green curves) shows no oscillations 
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Figure 2 | Demonstration of strongly coupled circuit QED. a, Microwave 
spectroscopy of qubit B showing the vacuum-Rabi splitting (qubit A 
detuned). Blue colour represents low Px, red represents high Pg. The inset 
shows a cross-section at 43 = 0 (along the dashed vertical line). b, Vacuum- 
Rabi oscillations in qubit B after a short m pulse. The inset shows a cross- 
section at 4g = 0. The blue line shows the numerical results including the 
TLS defect at near-resonance. ¢, Illustration of the general quantum state 
transfer protocol performed by a sequence of flux bias pulses applied to 
qubits A and B. Here each qubit is effectively decoupled from the cavity, 
except during the shift pulses, which bring them into resonance with the 
cavity, one qubit at a time. (1) An arbitrary superposition state |g), + Ble) 
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is prepared in qubit A. The red and green circles represent mixtures of the 
occupied energy levels. (2) Qubit A is shifted into resonance with the cavity 
for an interaction time lasting half of a vacuum-Rabi period, t, = 1/2ga, the 
photon has been exchanged and the state of qubit A has been mapped into a 
superposition «|0) + £|1) of the two lowest-photon-number eigenstates 
(Fock states) of the cavity. (3) Qubit A is shifted off-resonance, storing the 
initial state in the cavity for a time duration ts. (4) Qubit B is shifted into 
resonance for half of a vacuum-Rabi period, tg = 1/2gp, transferring the state 
into qubit B, leaving the cavity in its ground state |0). (5) Both qubits are 
detuned, completing the coherent quantum state transfer from qubit A to 
qubit B. 
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in Pg, also as expected, because the photon was fully returned to 
qubit A (as indicated by higher values of Pa), leaving the cavity 
empty. The red lines illustrate an intermediate case, with ts ~ 3/4 
of a vacuum-Rabi period yielding oscillations of lower amplitude but 
the same frequency. Thus, we conclude that we can clearly transfer 
photons between two phase qubits, through the resonant cavity, as 
well as store this quantum information for a short time. By perform- 
ing single-photon transfers for longer and longer storage times, we 
find a energy decay time of ~1 us for the cavity. Superconducting 
cavities are simple and tend to be more coherent than state-of-the-art 
superconducting qubits. With high-quality-factor superconducting 
microwave resonators'*”’, photon lifetimes near 100 ls could pro- 
vide us with a feasible short-term memory element for use in super- 
conducting quantum information systems. 

To verify that quantum coherence is maintained during state 
transfer for an arbitrary superposition state, we perform a Ramsey 
fringe-type interference experiment’ that preserves the quantum 
state up to a relative phase factor. We follow a protocol (Fig. 4a) 
similar to that used previously, except that here, we first prepare 
qubit A in an equal-weight superposition state (|g), +Je),)/ V2, 
using a 1/2 pulse applied slightly off-resonance, Awa = @a— Ma; 
where (gq is the microwave drive frequency. Again, we perform shift 
pulses, first, to map the initial state onto a superposition of the two 
lowest-photon-number states |0) and |1) of the cavity and, second, to 
retrieve this quantum information through the transfer to the states 
|@x and |e)p spanned by qubit B. Owing to the short, but finite, time 
duration of the shift pulses and a brief storage time delay in the cavity, 
the state transferred to qubit B becomes (|g), +exp(i@)|e),) /V2 
where @ represents a trivial phase accumulation during the transfer 
process correctable by single-qubit rotations. Following the coherent 
state transfer to qubit B, we expect a clear precession of the trans- 
ferred state during the time delay At. By applying a final 2/2 pulse to 
qubit B (also slightly off-resonance, Awp = Awa), we complete the 
Ramsey fringe-type experiment, rotating qubit B into a different state 
depending on the total relative phase shift accumulated over the time 
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Figure 3 | Experimental data showing the quantum state transfer from 
qubit A to qubit B via the cavity. The transfer follows the protocol in Fig. 2, 
where the qubit A excited state |e), is first mapped into the single photon 
state | 1) in the cavity, and then transferred into qubit B. a, b, Measured 
populations of qubits A and B as functions of the cavity hold times. Blue 
colour represents low Paz, red represents high P,,y. ¢, d, Corresponding 
theoretical prediction for ideal conditions without decoherence and 100% 
fidelity. There is clear agreement between the experimental data and the 
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At. In Fig. 4b and c, we show the expected Ramsey-type oscillations 
with frequencies linearly proportional to the microwave detuning 
Az , thus verifying the transfer of quantum coherence through the 
cavity qubus. 

To test the integrity of our experimental design, we investigated in 
detail the possible role of stray unintended photon generation in the 
cavity, both d.c. and radio-frequency inductive flux cross-coupling 
between the two qubits, the role of nearby TLS defects, and measure- 
ment cross-talk" directly through the cavity. First, we verified that 
the experiment satisfied basic consistency checks based on predic- 
tions of the model hamiltonian, equation (1), by altering the transfer 
pulse sequence shown in Fig. 2c. When we applied 1 pulses to either 
qubit with any of the shift pulses omitted, we saw no visible oscilla- 
tions (above 1% contrast) in the target qubit. When compared to the 
~20% contrast of the full state transfer sequence, this corresponds to 
less than 0.05 stray photons in the cavity per m pulse, while the 
expected thermal occupation of the cavity with hm, ~420mK at 
T<100mK should be n< 0.02. Next, we determined the cross- 
coupling of shift pulses by studying the flux modulation of one qubit 
for flux applied to the other qubit. We found at most a 6% cross- 
coupling between the two qubits, allowing us to avoid bias pulse 
cross-talk for large detunings. We performed numerical simulations 
that included the finite coherence times of each qubit, nearby TLS 
defects and no additional cross-talk. These results agree with the data, 
as shown in Fig. 2b. Finally, we performed detailed time-delay mea- 
surements'' to investigate the role of measurement cross-talk when 
qubits A and B were not measured simultaneously. These results 
show that the cavity acts like an extremely narrow bandpass filter 
(centred at w,) that helps to block either qubit from the broadband 
transient microwave radiation generated by the measurement pro- 
cess'’. Moreover, the use of shift pulses ensures both qubits are far 
detuned during the measurement process, minimizing excitation 
errors from radiation at frequency w, passing through the cavity. 

We have successfully coupled two superconducting Josephson 
phase qubits through a resonant microwave cavity and have 
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ideal predictions, although qubit A was of lower quality than qubit B, most 
probably owing to fabrication imperfections. e, Excited-state occupancy P, 
of the source qubit A reveals a lower population if the interaction time equals 
half of a vacuum-Rabi period, t, = 1/2g, ~ 5.8 ns (black line). 

f, Simultaneous measurement of qubit B shows vacuum-Rabi oscillations 
induced by the transfer of a single photon (black line). Here the black, red 
and green curves in e (or f) correspond to data indicated by the arrows in 
a (or b); for a full discussion see the text. 
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Figure 4 | Demonstration of the coherent transfer of a quantum state 
through the quantum bus. We use 77/2 microwave pulses detuned from the 
level spacing frequencies «,, of qubits A and B in order to perform a 
Ramsey fringe-type interference experiment. a, We prepare an equal-weight 
superposition state (|g) , +|e),)/ 2 in qubit A using a 10-ns-long 1/2 pulse 
(with frequency 4) while both qubits are detuned from the cavity and from 
each other. We transfer this state into qubit B as in Fig. 2, and then wait for a 
delay time At before applying a detuned 7/2 pulse to qubit B. This is 


observed vacuum-Rabi splittings, vacuum-Rabi oscillations, and the 
coherent transfer and storage of quantum states mediated by the 
cavity. The fidelity of the state transfer protocol is mostly limited 
by the quality of the phase qubits, the presence of TLS defects, and 
the non-optimization of the shape of the shift pulses performing the 
state transfer. We intend to improve qubit quality by eliminating 
dielectric materials and reducing the size of Josephson junctions to 
remove TLS defects**’®. Further measurements involving full state 
tomography’*”® need to be performed to fully quantify the fidelity 
of this cavity qubus. This demonstration clearly shows progress 
towards the storage and communication of quantum information 
using coherent superconducting systems of multiple qubits, an excit- 
ing new frontier for solid-state circuit QED and quantum informa- 
tion science. 
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Coupling superconducting qubits via a cavity bus 
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Superconducting circuits are promising candidates for construct- 
ing quantum bits (qubits) in a quantum computer; single-qubit 
operations are now routine’”, and several examples*° of two-qubit 
interactions and gates have been demonstrated. These experi- 
ments show that two nearby qubits can be readily coupled with 
local interactions. Performing gate operations between an arbit- 
rary pair of distant qubits is highly desirable for any quantum 
computer architecture, but has not yet been demonstrated. An 
efficient way to achieve this goal is to couple the qubits to a 
‘quantum bus’, which distributes quantum information among 
the qubits. Here we show the implementation of such a quantum 
bus, using microwave photons confined in a transmission line 
cavity, to couple two superconducting qubits on opposite sides 
of a chip. The interaction is mediated by the exchange of virtual 
rather than real photons, avoiding cavity-induced loss. Using fast 
control of the qubits to switch the coupling effectively on and off, 
we demonstrate coherent transfer of quantum states between the 
qubits. The cavity is also used to perform multiplexed control and 
measurement of the qubit states. This approach can be expanded 
to more than two qubits, and is an attractive architecture for 
quantum information processing on a chip. 

There are several physical systems in which one could realize a 
quantum bus. A particular example is trapped ions'®”’ in which a 
variety of quantum operations and algorithms have been performed 
using the quantized motion of the ions (phonons) as the bus. Photons 
are another natural candidate as a carrier of quantum information’, 
because they are highly coherent and can mediate interactions 
between distant objects. To create a photon bus, it is helpful to use 
the increased interaction strength provided by the techniques of cavity 
quantum electrodynamics (QED), where an atom is coupled to a 
single-cavity mode. In the strong coupling limit'* the interaction is 
coherent, permitting the transfer of quantum information between 
the atom and the photon. Entanglement between atoms has been 
demonstrated with Rydberg atom cavity QED'*””. Circuit QED’ is 
a realization of the physics of cavity QED with superconducting qubits 
coupled to a microwave cavity ona chip. Previous circuit QED experi- 
ments with single qubits have achieved"’ the strong coupling limit 
and have demonstrated” the transfer of quantum information from 
qubit to photon. Here we perform a circuit QED experiment with two 
qubits strongly coupled to a cavity, and demonstrate a coherent, non- 
local coupling between the qubits via this bus. 

Operations with multiple superconducting qubits have been per- 
formed and are a subject of current research. The first solid-state 
quantum gate has been demonstrated with charge qubits’. For flux 
qubits, two-qubit coupling’ and a controllable coupling mechanism 
have been realized’’. Two phase qubits have also been successfully 
coupled* and the entanglement between them has been observed’. 
All of these interactions have been realized by connecting qubits 
via lumped circuit elements, with capacitive coupling in the case of 


charge and phase qubits, and inductive coupling for flux qubits. 
Therefore, these coupling mechanisms have been restricted to local 
interactions and couple only nearest-neighbour qubits. In this work, 
we present a coupling that is realized with a cavity that is a distributed 
circuit element, rather than with the lumped elements used pre- 
viously. The interaction between the qubits occurs via photons in 
the cavity; hence, the cavity acts as an interaction bus allowing a non- 
local coupling of multiple qubits. 

To realize the cavity bus, we place two superconducting qubits 
5 mm apart at opposite ends of a superconducting transmission line 
resonator (Fig. la, b). The qubits are transmons”', a charge-phase 
qubit that is a modified version of the Cooper pair box. In this type of 
qubit, the Josephson energy is larger than the charging energy 
(E} >> Ec) and the transition frequency between the ground state 
and the first excited state is given by @ ~ \/8EjEc/h. The Josephson 
junctions are arranged in a split-pair geometry, so that the Josephson 
energy, Ej = Ej"*“|cos(n® /®o)| depends on the magnetic flux @ 
applied through the split-pair loop. Hence, the transition frequency 


of the qubits, «1. = a5" | cos (t®/@®o)| can be tuned in situ with 
the applied flux. The size of the two loops is different and incom- 
mensurate, so that control of the two transition frequencies is attain- 
able with a certain degree of independence. To probe the state of the 
system, homodyne detection of the transmitted signal is performed 
and both quadrature voltages are recorded, which allows reconstruc- 
tion of the phase and amplitude of the transmitted signal. 

In the first measurement we observe strong coupling of each of the 
qubits separately to the cavity. By varying the flux, each of the two 
qubits can be tuned into resonance with the cavity (see Fig. 2a). 
Whenever a qubit and the cavity are degenerate, the transmission is 
split into two well-resolved peaks in frequency, an effect called 
vacuum Rabi splitting’, demonstrating that each qubit is in the 
strong coupling limit with the cavity. Each of the peaks corresponds 
to a superposition of qubit excitation and a cavity photon in which 
the energy is shared between the two systems. From the frequency 
difference at the maximal splitting, the coupling parameters 
&1,2 ~ 105 MHz can be determined for each qubit. The transition 
frequency of each of the two qubits (see Fig. 2a) can also be measured 
far from the cavity frequency, as described below. 

In the remainder of the experiment we operate the system in the 
dispersive limit, where both qubits are detuned from the resonator 
(|41,2| = |@1,2 — @;| >> g1,2). In this limit, we use second-order per- 
turbation theory, and the full system with the two qubits and the 
cavity is described by the effective hamiltonian”: 


ha ha 

shaft So +H(o, +1195 + 199)a* at h(a, of +05 07) (1) 
In this regime, no energy is exchanged with the cavity. However, 

the qubits and cavity are still dispersively coupled, resulting in a 


qubit-state-dependent shift +y,, of the cavity frequency (see 


eff 
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Fig. 3a) or equivalently an alternating current (a.c.) Stark shift of the 
qubit frequencies”. The frequency shift y;,. can be calculated from 
the detuning 4,,, and the measured coupling strength g, > (ref. 21). 
The last term describes the interaction between the qubits, which is a 
transverse exchange interaction of strength J= g,go(1/4,+1/A,)/2 
(see Fig. lc). The qubit—qubit interaction is a result of virtual 
exchange of photons with the cavity. When the qubits are degenerate 
with each other, an excitation in one qubit can be transferred to the 
other qubit by virtually becoming a photon in the cavity (see Fig. 3b). 
However, when the qubits are non-degenerate |w, — | >> J, this 
process does not conserve energy, and therefore the interaction is 
effectively turned off. Thus, instead of modifying the actual coupling 
constant’, we control the effective coupling strength by tuning the 
qubit transition frequencies. This is possible because the qubit—qubit 
coupling is transverse, which also distinguishes our experiment from 
the situation in liquid-state nuclear magnetic resonance (NMR) 
quantum computation, where an effective switching-off can only 
be achieved by repeatedly applying decoupling pulses”. 


IIIT 


a) 


Figure 1| Sample and scheme used to couple two qubits to an on-chip 
microwave cavity. Circuit (a) and optical micrograph (b) of the chip with two 
transmon qubits coupled by a microwave cavity. The cavity is formed by a 
coplanar waveguide (light blue) interrupted by two coupling capacitors (purple 
boxes and inset). The resonant frequency of the cavity is ,/2m = 5.19 GHz 
and its width is x/2m = 33 MHz, determined by the coupling capacitors. The 
cavity is operated as a half-wave resonator (L = 7/2 = 12.3 mm) and the 
electric field in the cavity is indicated by the grey line. The two transmon 
qubits (optimized Cooper pair boxes, red and green boxes and inset) are 
located at opposite ends of the cavity, where the electric field has an antinode. 
Each transmon qubit consists of two superconducting islands connected by a 
pair of Josephson junctions and an extra shunting capacitor (‘interdigitated 
finger’ structure in the green inset). The left qubit (qubit 1) has a charging 
energy of Ec,/h = 424 MHz and maximum Josephson energy of Ej)*/h = 
14.9 GHz. The right qubit (qubit 2) has a charging energy Ec2/h = 442 MHz 
and maximum Josephson energy of E;;*"/h = 18.9 GHz. The loop area 
between the Josephson junctions for the two transmon qubits differs by a 
factor of approximately 5/8, allowing a differential flux bias. The microwave 
signals enter the chip from the left, and the response of the cavity is amplified 
and measured on the right. c, Scheme of the dispersive qubit—qubit coupling. 
When the qubits are detuned from the cavity ( | Ay| = |@12- o,| > 81,2) the 
qubits both dispersively shift the cavity. The excited state in the left qubit 

| | 0) interacts with the excited state in the right qubit | { | 0) via the exchange 
of a virtual photon || | 1) in the cavity. 
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We first observe the coherent interaction between the two qubits 
via the cavity by performing spectroscopy of their transition frequen- 
cies (see Fig. 2). This is done by monitoring the change in cavity 
transmission when the qubits are probed by a second microwave 
signal. By applying a magnetic flux the qubits can be tuned through 
resonance with each other (see Fig. 2b), revealing an avoided cross- 
ing. The magnitude of the splitting agrees well with the theoretical 
value 2] = 2g1g/4 = 2-26 MHz when one takes into account that 
1,2 vary with frequency for a transmon qubit”’. The splitting is well 
resolved, with a magnitude J much greater than the qubit linewidths, 
indicating a coherent coupling and that the qubits are in the strong 
dispersive limit”. We note that although the coupling strength J is 
smaller than the cavity decay rate x/2m ~ 33 MHz, the avoided cross- 
ing is nearly unaffected by the cavity loss. This is possible in such a 
large-x cavity, which is required for fast measurements, because only 
virtual photons are exchanged; if real photons were used, the cavity- 
induced relaxation of the qubits (Purcell effect”) would make coher- 
ent state transfer unfeasible. 

Another manifestation of the coherence of this interaction is 
the observation of a dark state. One observes a disappearance of 
the spectroscopic signal near the crossing point, which is due to 
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Figure 2 | Cavity transmission and spectroscopy of single and coupled 
qubits. a, The transmission through the cavity as a function of applied 
magnetic field is shown in the frequency range between 5 and 5.4 GHz. When 
either of the qubits is in resonance with the cavity, the cavity transmission 
shows an avoided crossing due to the vacuum Rabi splitting. The maximal 
vacuum Rabi splitting for the two qubits is the same within the measurement 
uncertainty and is ~105 MHz. Above 5.5 GHz, spectroscopic measurements 
of the two qubit transitions are displayed. A second microwave signal is used 
to excite the qubit and the dispersive shift of the cavity frequency is 
measured. The dashed lines show the resonance frequencies of the two 
qubits, which are a function of the applied flux according to 

1,2 = O75 V/| cos (t®/@o)|. The maximum transition frequency for the 
first qubit is 7/2 = 7.8 GHz and for the second qubit is w?*/2n = 
6.45 GHz. For strong drive powers, additional resonances between higher 
qubit levels are visible. The black box indicates the region shown in 

b. b, Spectroscopy of the two-qubit crossing. The qubit levels show a clear 
avoided crossing with a minimum distance of 2J/2m = 26 MHz. At the 
crossing the eigenstates of the system are symmetric and antisymmetric 
superpositions of the two qubit states. The spectroscopic drive is 
antisymmetric and therefore unable to drive any transitions to the 
symmetric state, resulting in a dark state. c, Predicted spectroscopy at the 
qubit—qubit crossing using a markovian master equation that takes into 
account higher modes of the cavity. The parameters for this calculation are 
obtained from the vacuum Rabi splitting and the single-qubit spectroscopy. 
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destructive interference associated with the fact that the qubits are 
separated by half a wavelength. At the crossing, the eigenstates are 
superpositions of the single-qubit states. In particular, the state with 
lower frequency is the symmetric triplet state | | 7) + |} |) and the state 
at higher frequency is the antisymmetric singlet state ||) — ||). In 
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Figure 3 | Multiplexed control and read-out of uncoupled qubits. a, Predicted 
cavity transmission for the four uncoupled qubit states. In the dispersive 
limit (|41,2| = |@1,2 — @,| >> giz) the frequency is shifted by y,;07 + 7205. 
Operating the qubits at transition frequencies «,/27 = 6.617 GHz and 
(2/2m = 6.529 GHz, we find y;/2m = —5.9 MHz and y2/2m = —7.4 MHz. 
Measurement is achieved by placing a probe at a frequency where the four 
cavity transmissions are distinguishable. The two-qubit state can then be 
reconstructed from the homodyne measurement of the cavity. Rabi 
oscillations of qubit 1 (b) and qubit 2 (¢) are shown. A drive pulse of increasing 
duration is applied at the qubit transition frequency and the response of the 
cavity transmission is measured after the pulse is turned off. Oscillations of 
quadrature voltages are measured for each of the qubits and mapped onto the 
polarization (aj ,). The solid line shows results from a master equation 
simulation, which takes into account the full dynamics of the two qubits and 
the cavity. The absence of beating in both traces is a signature of the 
suppression of the qubit—qubit coupling at this detuning. d, The homodyne 
response (average of 1,000,000 traces) of the cavity after a 1-pulse on qubit 1 
(green), qubit 2 (red), and both qubits (blue). The black trace shows the level 
when no pulses are applied. The contrasts”* (that is, the amplitude of the pulse 
relative to its ideal maximum value) for these pulses are 60% (green), 61% 
(red) and 65% (blue). The solid line shows the simulated value, including the 
qubit relaxation and the turn-on time of the cavity. The agreement between the 
theoretical prediction and the data indicates that the measured contrast is the 
maximum observable. From the theoretical calculation we can estimate the 
selectivity (see text for details) for each 1-pulse to be 87% (qubit 1) and 94% 
(qubit 2). We note that this figure of merit is not at all intrinsic and that it could 
be improved by increasing the detuning between the two qubits for instance, or 
using shaped excitation pulses. 
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the dispersive limit, the spectroscopic excitation is of the form 
0181/4, — 03 %/Az, where the negative sign is due to the opposite 
signs of the electric field at the different ends of the 4/2 cavity, as 
shown in Fig. la and b. Thus, such an external signal applied to the 
cavity cannot drive any transitions to the symmetric state, and is 
therefore dark. Moreover, just as the triplet state does not couple 
to the drive, it is protected against decay through the cavity. 
Conversely, the decay from the singlet state is enhanced, similar to 
super-radiant effects observed in atomic physics”°”’. Figure 2c shows 
the calculated spectroscopy at the qubit—qubit crossing, which repro- 
duces all qualitative features of the measured data. 

In addition to acting as a quantum bus, the cavity can in principle 
also be used for multiplexed read-out and control of the two qubits. 
Here, ‘multiplexed’ refers to acquisition of information or control of 
more than one qubit via a single channel. To address the qubits 
independently, the flux is tuned such that the qubit frequencies are 
88 MHz apart (@, = 6.617 GHz, m2 =6.529GHz), making the 
qubit—qubit coupling negligible. Rabi experiments showing indi- 
vidual control are performed by applying a radio-frequency pulse 
at the resonant frequency of either qubit, followed by a measurement 
pulse at the resonator frequency. The response (see Fig. 3b and c) is 
consistent with that of a single-qubit oscillation and shows no beat- 
ing, indicating that the coupling does not affect single-qubit opera- 
tions and read-out. With similar measurements the relaxation times 
T, of the two qubits are determined to be 78 and 120 ns, and with 
Ramsey measurements the coherence times T, are found to be 120 
and 160 ns. The ability to simultaneously read-out the states of both 
qubits using a single line is shown by measuring the cavity phase shift, 
proportional to y,0{ + y205 (see equation (1)), after applying a 
m-pulse to one or both of the qubits. Figure 3d shows the response 
of the cavity after a m-pulse has been applied on the first qubit (green 
points), on the second qubit (red points) or on both qubits (blue 
points). For comparison the response of the cavity without any pulse 
applied (black points) is shown. The cavity frequency shifts for the 
two qubits are different (7; # 72), so we are able to distinguish the 
four states |||), ||), |T1), and |{{) of the qubits with a single read- 
out line. One can show that this measurement, with a sufficient 
signal-to-noise ratio and combined with single-qubit rotations, 
should in principle allow for a full reconstruction of the density 
matrix (state tomography)®, although this is not demonstrated in 
the present experiment. 

The solid lines in Fig. 3d show the results from a theoretical cal- 
culation taking into account the full dynamics of the cavity and the 
two qubits, including the relaxation in the qubits. The agreement of 
the theory with the measured response shows that the measured 
contrast is the maximum expected. From the calculated values one 
can estimate the selectivity, that is, the ability to address one qubit 
without affecting the other, S= (P, — P,)/(P, + Py), where P, and P, 
are the maximum populations in the excited state of the addressed 
qubit and in the excited state of the unaddressed qubit, respectively. 
The selectivity for qubit 1 is 87% and for qubit 2 is 94%, which 
indicates good individual control of the qubits. 

We can perform coherent state transfer in the time domain by 
rapidly turning the effective qubit-qubit coupling on and off. 
Rather than the slow flux tuning discussed above, we now make 
use of a strongly detuned radio-frequency drive”, which results in 
an off-resonant Stark shift of the qubit frequencies on the nanosec- 
ond timescale. Figure 4a shows the spectroscopy of the two qubits 
when this off-resonant Stark drive is applied with increasing power. 
The qubit frequencies are pushed into resonance and a similar 
avoided crossing is observed, as in Fig. 2b. With the Stark drive’s 
ability to tune the qubits quickly into resonance, it is possible to 
observe coherent oscillations between the qubits, using the following 
protocol (see Fig. 4b): initially the qubits are 80 MHz detuned from 
each other, where their effective coupling is small, and they are 
allowed to relax to the ground state || |). Next, a 1-pulse is applied 
to one of the qubits to either create the state | | }) or |{ |). Then a Stark 
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pulse of power P,... is applied bringing the qubits into resonance for a 
variable time At. Because ||}) and |{|) are not eigenstates of the 
coupled system, oscillations between these two states occur, as shown 
in Fig. 4c. Figure 4d shows the frequency of these oscillations for 
different powers P,,.. of the Stark pulse, which agrees with the fre- 
quency domain measurement of the frequency splitting observed in 
Fig. 4a. These data are strong evidence that the oscillations are due to 
the coupling between the qubits and that the state of the qubits is 
transferred from one to the other. A quarter period of these oscilla- 
tions should correspond to a ViSWAP, which would be a universal 
gate. Future experiments will seek to demonstrate the performance 
and accuracy of this state transfer. 

The observed qubit—qubit avoided crossing and the coherent state 
transfer demonstrate that the cavity can act as a coupling bus for 
superconducting qubits. The interaction is coherent and effectively 
switchable; furthermore, the coupling is long-range, can easily be 
extended to non-nearest neighbours and is protected against loss in 
the bus by the use of virtual photons. This architecture is not 
restricted to two qubits because there is room to couple many more 
qubits to the cavity, opening up new possibilities for quantum 
information processing on a chip. 
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Figure 4 | Controllable effective coupling and coherent state transfer via 
off-resonant Stark shift. a, Spectroscopy of qubits versus applied Stark tone 
power. Taking into account an attenuation of 67 dB before the cavity and the 
filtering effect of the cavity, 0.77 mW corresponds to an average of one 
photon in the resonator. The qubit transition frequencies (starting at «,/ 
2m = 6.469 GHz and «2/2 = 6.546 GHz) are brought into resonance with a 
Stark pulse applied at 6.675 GHz. An avoided crossing is observed with one 
of the qubit transition levels becoming dark as in Fig. 2. b, Protocol for the 
coherent state transfer using the Stark shift. The pulse sequence consists of a 
gaussian-shaped 1-pulse (red) on one of the qubits at its transition 
frequency @, followed by a Stark pulse (brown) of varying duration At and 
amplitude A detuned from the qubits, and finally a square measurement 
pulse (blue) at the cavity frequency. The time between the -pulse and the 
measurement is kept fixed at 130 ns. c, Coherent state transfer between the 
qubits according to the protocol above. The plot shows the measured 
homodyne voltage (average of 3,000,000 traces) with the m-pulse applied to 
qubit 1 (green dots) and to qubit 2 (red dots) as a function of the Stark pulse 
length At. For reference, the black dots show the signal without any -pulse 
applied to either qubit. The overall increase of the signal is caused by the 
residual Rabi driving due to the off-resonant Stark tone, which is also 
reproduced by the theory. Improved designs featuring different coupling 
strengths for the individual qubits could easily avoid this effect. The thin 
solid lines show the signal in the absence of a Stark pulse. Adding the 
background trace (black dots) to these, we construct the curves consisting of 
open circles, which correctly reproduce the upper and lower limits of the 
oscillating signals owing to coherent state transfer. d, The oscillation 
frequency (red) of the time domain state transfer measurement (¢c) and the 
splitting frequency (blue) of the continuous-wave spectroscopy (a) versus 
power of the Stark tone. The agreement shows that the oscillations are 
indeed due to the coupling between the qubits. 
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Electronic and structural transitions in dense 


liquid sodium 


Jean-Yves Raty’, Eric Schwegler? & Stanimir A. Bonev” 


At ambient conditions, the light alkali metals are free-electron-like 
crystals with a highly symmetric structure. However, they were 
found recently to exhibit unexpected complexity under pres- 
sure’°, It was predicted from theory'’—and later confirmed by 
experiment* °—that lithium and sodium undergo a sequence of 
symmetry-breaking transitions, driven by a Peierls mechanism, at 
high pressures. Measurements of the sodium melting curve° have 
subsequently revealed an unprecedented (and still unexplained) 
pressure-induced drop in melting temperature from 1,000K at 
30GPa down to room temperature at 120 GPa. Here we report 
results from ab initio calculations that explain the unusual 
melting behaviour in dense sodium. We show that molten sodium 
undergoes a series of pressure-induced structural and electronic 
transitions, analogous to those observed in solid sodium but com- 
mencing at much lower pressure in the presence of liquid disorder. 
As pressure is increased, liquid sodium initially evolves by assum- 
ing a more compact local structure. However, a transition to a 
lower-coordinated liquid takes place at a pressure of around 
65 GPa, accompanied by a threefold drop in electrical conduc- 
tivity. This transition is driven by the opening of a pseudogap, 
at the Fermi level, in the electronic density of states—an effect 
that has not hitherto been observed in a liquid metal. The lower- 
coordinated liquid emerges at high temperatures and above the 
stability region of a close-packed free-electron-like metal. We 
predict that similar exotic behaviour is possible in other materials 
as well. 

The negative melting slope of sodium is in a pressure range in 
which the stable solid structures are known to be body-centred cubic 
(b.c.c.) and, above 65 GPa, to be the more compact face-centred 
cubic (f.c.c.). At around 103 GPa, solid sodium undergoes a Peierls 
distortion towards a cubic structure with a 16-atom cell (cI16 space 
group)**, and the melting curve recovers® a positive slope. The 
anomalous melting behaviour of sodium suggests marked changes 
in the properties of the liquid that are of a different nature from what 
has been observed in other alkali metals previously. Indeed, the melt- 
ing anomaly in sodium is one order of magnitude in temperature and 
two orders of magnitude in pressure larger than in caesium”*. A 
negative melting slope in caesium is caused by charge transfer, from 
s to more localized d states, which commences at a slightly lower 
pressure in the liquid than in the solid’. Because of a lack of d states 
in the valence shell, a similar mechanism is not possible in sodium. 
Furthermore, an analogy with the melting curve of hydrogen"®, which 
has also been predicted to have a negative slope above that of a close- 
packed solid, is inappropriate as well because the unusual melting 
behaviour of hydrogen is explained by enhanced intermolecular 
charge transfer in the liquid phase. 

To investigate the structural and electronic changes in compressed 
sodium that are responsible for the shape of its melting curve, we 


carried out a series of first-principles molecular dynamic (FPMD) 
simulations between 5 and 120GPa and up to 1,500K. First, we 
computed the melting curve over this pressure range. Our melting 
calculations were carried out in the NVT ensemble (where N, Vand T 
are the number of particles, volume and temperature, respectively), 
in which the solid phases are heated gradually until melting occurs. 
Although more accurate methods for melting computations exist 
(for example, two-phase simulations’®"! or free energy matching”’), 
the ‘heat-until-it-melts’ approach used here is sufficient if there are 
no large overheating effects. This is the case for sodium, in which the 
bonding properties do not change significantly on melting and the 
local order in the liquid and solid phases, as shown below, is similar. 
Thus, melting temperatures are computed by progressively heating 
the three solid structures of sodium known to be stable at room 
temperature (300K) up to 130GPa, namely b.c.c., fic.c. and cI16 
(ref. 13). The simulations are carried out with supercell sizes of 
128, 108 and 128 atoms, respectively, which are sufficiently large 
for reproducing the sodium equation of state at room temperature’. 

The melting curve obtained in this manner is shown in Fig. 1 and 
can be compared with existing experimental measurements. The 


1,200 T 
E' 35 —T 
= | 
= 
x1 3.0 ad 
1,000 + ’ gs . = 
a Tr $025 
* vv te se 
L (o> £ 909 11 _1 1 
0 20 40 60 80 100 120 
S s00;- Vv A f = Pressure (GPa) 
5 A Ye I 
2 ? A,lv 
2 aE Ay be 
5 2 
S 600 x? A AY 7 
£ : : 
ie 4 AY 
hd \ 
v 
400k b.C.c. S| itz 7] 
1 1 
A A 
f.c.c A A A ¢ 
eS RA UN 
i A 
200 A cI16 
| | | LA l L 
0 20 40 60 80 100 120 


Pressure (GPa) 


Figure 1| The melting curve of sodium under pressure. The theoretical 
results are shown in red. Open uptriangles and filled downtriangles indicate 
simulations of solid and liquid phases, respectively. Data points of solid and 
liquid simulations on the same isochore that bracket the melting 
temperature are connected with dashed lines. Experimental measurements 
are shown with black diamonds° and with filled blue circles’. The inset 
shows the evolution of the first peak maximum of S(q) with pressure. Red 
circles are the theoretical results (error bars represent s.d.), black squares 
indicate measurements’, and the solid line is the b.c.c. (100) peak position. 
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computed melting temperatures (T,,) are slightly lower than the 
experimental data in ref. 6 and are slightly higher than the data in 
ref. 14. The overall agreement is good and the shape of the theoretical 
melting curve, in particular, closely mimics the experimental data. 
The agreement of the computed structure factor, S(q), with measure- 
ments is also excellent. From our simulations we can also estimate the 
finite-temperature phase boundaries between b.c.c., f.c.c. and cI16 
(grey areas in Fig. 1). Simulations of any phase outside the indicated 
stability regions led to amorphous deformations of the structures 
within a few picoseconds. 

The first notable feature of the melting curve is the appearance of 
a maximum between 20 and 40 GPa and a negative slope at higher 
pressures. This turnover is above the stability region of the solid b.c.c. 
phase, which according to the Clausius—Clapeyron equation indi- 
cates that structural changes in the liquid are taking place that make 
it denser than the b.c.c. solid. Such changes are not entirely surpris- 
ing. In the b.c.c. phase each atom has eight nearest neighbours, 
whereas in the higher-pressure f.c.c. crystal each atom has 12 nearest 
neighbours. It is generally assumed, but rarely shown quantitatively, 
that molten metals exhibit local orders similar to those of their crys- 
talline phases’. Furthermore, because finite temperature fluctua- 
tions enable structural changes in liquids to take place gradually, 
they may commence at lower pressures than their analogous solid— 
solid transitions. This opens up the possibility for a melting curve 
maximum if the sequence of solid phase transitions with increasing 
pressure is from less-compact to more-compact structures. 

We therefore focused on identifying changes in the local order of 
the liquid structure along the melting curve that have similarities 
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Figure 2 | Distribution of interatomic distances in sodium as a function of 
pressure and temperature. a, Pressure dependence of the average 
interatomic distances to the first, second, third, and so on, nearest 
neighbours along the melting curve in liquid sodium. Distances are scaled 
with respect to the sixth-nearest-neighbour distance, r¢, to facilitate 
comparison at different densities, and several of the curves are highlighted 
with different colours. The dotted line indicates the pressure above which 
significant structural changes in the first coordination shell are observed. 
b, Atomic arrangements in the f.c.c. and b.c.c. structures. The f.c.c. cluster 
with the 12 nearest neighbours is almost identical to the b.c.c. cluster 
composed of the eight nearest neighbours (blue) and the four next-nearest 
neighbours (grey); the two remaining next-nearest neighbours in b.c.c. are 
shown in orange and connected with dashed lines to the central atom. 

c, Probability distributions of the interatomic distances computed for model 
finite temperature f.c.c. and b.c.c. solids. Thermal disorder in the model 
structures is introduced by displacing the atomic positions (x) according to a 
gaussian distribution, 6x = exp (— d; i 20°). Here d, is the nearest- 
neighbour distance in the 0 K crystal, and o = 0.1 corresponds to the 
measured Debye-Waller factor in the simulated sodium system (40 GPa, 
600 K). Increased disorder (expressed in per cent of the 0 K solid nearest 
neighbour distance) corresponds to increased temperature. The validity of 
this approach is illustrated in the Supplementary Information. 
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with the b.c.c.-to-f.c.c. transition. However, comparison of such a 
compact yet disordered local order to an ideal crystalline structure is 
not straightforward. In particular, the order parameters on the basis 
of the characteristics of the first coordination shell, such as pair 
correlation functions, angular bond distributions, Steinhard’s angu- 
lar cluster parameters’® and individual neighbour distance distribu- 
tions, are nearly invariant up to approximately 60 GPa, as was found 
in another recent study’’. 

Instead, we focused our examination on the second coordination 
shell. Distance distribution analysis (Fig. 2a) showed that, starting at 
30 GPa, the interatomic distances in the second shell decrease more 
rapidly with pressure compared to those in the first shell. To interpret 
these changes as a progressive transition from b.c.c.-to-f.c.c.-like 
local order, it is helpful to compare them with the interatomic dis- 
tributions of finite-temperature b.c.c. and f.c.c. solids (the atomic 
arrangements in b.c.c. and f.c.c. crystals are shown in Fig. 2b). Such a 
comparison has to be made at the same density so we used a simpli- 
fied model for finite-temperature solids (Fig. 2c). The result of this 
comparison is that, with increasing temperature, the first coordina- 
tion shells of b.c.c. and f.c.c. become almost identical. However, the 
second coordination shell of the heated f.c.c. is contracted compared 
to the second coordination shell of the heated b.c.c., in exactly the 
same way as it is observed in the liquid between 0 and 60 GPa. This 
model, together with the analysis of the FPMD simulations, demon- 
strates that: first, there are changes in the liquid structure, noticeable 
in the second coordination shell, that correlate well with the shape of 
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Figure 3 | Structure factors S(q) and electronic DOS in solid and liquid 
sodium as a function of pressure and temperature. a, The bottom three 
curves are liquid S(q) values computed at the following pressure and 
temperature conditions: 3 GPa and 650 K (grey line), 59 GPa and 745 K 
(dotted line) and 106 GPa and 500 K (red). The upper three curves are 
computed S(q) values of the following solid phases: b.c.c. at 20 GPa and 
700 K (grey line), f.c.c. at 69 GPa and 500 K (dotted line) and cI16 at 105 GPa 
and 200 K (red). To compare S(q) values at different densities, the curves are 
scaled with respect to their first peak positions, q;. The S(q) values are 
computed by Fourier transforming (g(r) — 1), where the g(r) values are scaled 
to approach unity smoothly for r> 15 a.u. Finite-size effects result in 
spurious oscillations for small q values, indicated with dashed lines in the 
figure. b, At 39 GPa (bottom three curves), the DOS of the liquid is similar to 
that of the heated b.c.c. solid and to the perfect b.c.c. crystal. At 90 GPa 
(upper three curves), the liquid DOS exhibit a pseudogap, which is not 
present in the f.c.c. solid at the same pressure, but is similar to the pseudogap 
in the 0 K c116 crystal. The dotted line is the DOS obtained from a molecular 
dynamics simulation carried out with 8 k-points in the Brillouin zone; the 
agreement with the I’-point only simulation is excellent. The inset shows the 
difference between the DOS, n(E), of the liquid and of the solid near melting. 
Here E and E; are energy and Fermi energy, respectively. 
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the melting curve; and, second, these changes are characteristic of a 
transition from b.c.c. to fic.c. local order at a finite temperature. 

The structural changes in the liquid to an f.c.c.-like local order, 
however, cannot be used to explain the anomalous melting above 
60 GPa where the solid itself assumes the close-packed f.c.c. structure. 
Indeed, we observed significant structural changes above 65 GPa. 
These are already evident from the shapes of the pair correlation 
functions, g(r) (see also Supplementary Fig. 2) and become quite 
clear from the neighbour distance distributions. The data in Fig. 2a, 
in particular, demonstrate that the first coordination shell splits and 
the coordination, determined by counting the neighbour-peak posi- 
tions up to the first g(r) minimum, drops from about 13 at 60 GPa to 
approximately 8 at 105GPa. The new coordination in the liquid 
indicates that its local order bears similarities to a distorted b.c.c.- 
like structure. One such crystalline structure is cI16, which is the 
stable solid phase found at much higher pressure**, namely above 
103 GPa (for a detailed description of cI16, see ref. 3). In the solid, the 
Peierls mechanism that stabilizes cI16 corresponds to a symmetry- 
breaking of b.c.c. and to the appearance of a pseudogap at the Fermi 
level, thus lowering the electronic energy. 

To confirm the parallel between molten sodium and the cI16 crys- 
tal, we computed the S(q) of the liquid at several pressures above the 
melting curve and compared it with that of the finite-temperature 
b.c.c., fic.c. and cI16 solids (Fig. 3a). As pressure is increased, the 
changes in the liquid S(q) match the variations observed over the 
three solid phases extremely well. Just as in the cI16 crystal, the liquid 
structure factor above 65 GPa plotted against q/q,, where q, is the first 
peak position of S(q), develops a pronounced shoulder next to the 
principal maximum and there is a phase change in the large q oscilla- 
tions. The parallel between the liquid and solid phases is further 
supported by evidence in our calculations of electronic structure 
modifications in the liquid that drive the structural changes under 
pressure (Fig. 3b). We found that the electronic density of states 
(DOS) of liquid and solid sodium are similar at lower pressure 
(<40 GPa) and do not deviate noticeably from the ideal b.c.c. crystal. 
However, above 65 GPa, a pseudogap opens at the Fermi level in the 
liquid DOS that is not present in the underlying f.c.c. solid, but is 
similar to the pseudogap in the high-pressure cI16 crystal. As a result, 
the valence states in liquid sodium are pushed towards lower ener- 
gies; at 91 GPa, for instance, we measured a decrease in band energy 
of 40 meV per atom in the liquid compared to the f.c.c. solid (see inset 
in Fig. 3b). This large gain in band energy is sufficient to overcome 
the cost in increased repulsion associated with local distortions and 
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the loss in entropy compared to the non-distorted liquid. The melt- 
ing temperature continues to decrease with pressure as the modi- 
fications in the liquid progress, until the f.c.c. to cI16 solid phase 
transition takes place around 100 GPa. At this point, a pseudogap 
opens in the solid as well and the system recovers a positive slope in 
the melting curve. 

This symmetry-breaking in molten sodium is totally counterintui- 
tive for a high-pressure and high-temperature liquid. It is clearly 
related to a Peierls-like mechanism, as indicated by the appearance 
of a pseudogap together with the split of the first coordination shell’®. 
A pseudogap opening by means ofa Peierls-like distortion has indeed 
been observed in simulations of semiconductor liquids (for example, 
arsenic’’, GeTe and GeSe”°), but only at ambient pressure, and in 
these cases it coincides with Peierls distortions in the underlying 
solids. Furthermore, the Peierls distortion observed in the stable 
crystalline phases of arsenic and antimony is known to be destroyed 
under pressure’', and in GeTe and GeSe under heating”. Any evid- 
ence for a Peierls distortion in antimony disappears on melting”. 

To understand why this phenomenon occurs in sodium, we 
examined the effects of pressure and temperature on the angular- 
momentum projections of the electronic DOS. The distortion from 
b.c.c. to cI16 at 0 K brings additional p states below the Fermi level 
(Fig. 4a, bottom). At low pressure, the very small lowering of the band 
structure energy is not sufficient to overcome the ionic core repulsion 
associated with the distortion. The effect is much more pronounced 
at higher pressures at which the interatomic distances are shorter and 
the formation of ‘bonding’ p states is more favourable. Increasing 
temperature, on the other hand, introduces disorder that results in 
further broadening of the p band and additional p states below the 
Fermi level (Fig. 4a, upper curves). This broadening is seen at finite 
temperature for both the solid and the liquid phases. However, the 
inherent disorder in the liquid enables the sampling of configurations 
with a local order similar to that of cI16. 

These are general observations, which imply that similar 
symmetry-breaking by means of a s-to-p transfer mechanism could 
be expected in other liquids. It should be borne in mind, however, 
that the symmetry-breaking and the corresponding decrease in 
volume come at the expense of increased short-range ionic repulsion. 
Therefore, they are only feasible as long as these repulsions are ‘soft’ 
enough that they can be compensated for by the lowering of the 
electronic band structure energy'’. This is the reason why similar 
effects in semiconductors are only observed in the low-pressure 
liquids of the lighter group-V elements, for example, in phosphorus 
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Figure 4 | Physical origin and properties of the 
low-coordination phase of dense liquid sodium. 
a, The bottom part of the graph shows densities of 
p States in b.c.c. and cI16 (with distortion 
parameter u = 0.04; where u = 0 results in b.c.c.) 
at 0 GPa (dashed lines) and 94 GPa (solid lines). 
The top shows s, p and d partial DOS in the 

91 GPa liquid (red line) compared with the 0 K 
f.c.c. solid (green line) and the heated solid (black 
dashed line). b, Electrical conductivity in liquid 
and solid phases of sodium as a function of 
pressure (error bars represent s.d.). The inset 
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and arsenic, but not in antimony or bismuth'’”’. However, we 
predict that unusual liquid phases and melting behaviour is likely to 
be observed in other alkali and alkali-earth metals at high pressure— 
systems in which pressure-induced electronic instabilities produce 
lower-symmetry crystalline phases. There is already strong evidence 
that similar effects exist in lithium (I. Tamblyn, J. Y. Raty & S. A. 
Bonev, unpublished work). 

According to these observations, the physical properties of liquid 
sodium are expected to change in the pressure range above 60 GPa. 
Indeed, the electrical conductivity computed by means of the Kubo- 
Greenwood formula (Fig. 4b) shows a very strong decrease, by a 
factor of ~3 between 40 and 80 GPa. The conductivity curve actually 
deviates from the Drude shape towards a semiconductor-like 
shape. Although the extrapolation to zero frequency is difficult, we 
estimate the direct-current conductivity to decrease from about 
32,000 Q”'cm'! in the f.c.c. solid at 94 GPa and 300 K to less than 
10,000 Q~'cm~! in the liquid at 470 K (91 GPa). This large drop is 
due to the combination of two effects, namely a decrease of the DOS 
and an increase in their localization near the Fermi level. To illustrate 
this, we have computed electron localization functions (ELFs)**. The 
ELFs (Fig. 4b, inset) indicate stronger electron localization in the 
broken symmetry phase compared with both the lower-pressure 
liquid and the finite-temperature f.c.c. solid. We have also confirmed 
this by computing maximally localized Wannier functions”, which 
exhibit decreased spread in the liquid above 65 GPa. Other unusual 
optical properties in this phase are likely. These findings could be 
confirmed by combined structure and conductivity measurements 
performed at modern synchrotron sources. We anticipate that our 
work will stimulate future experiments to confirm our predictions 
for sodium and to follow our suggestions for discovering similar 
behaviour in other dense liquid metals. 


METHODS SUMMARY 


The electronic structure was computed using ab initio density functional theory 
calculations”. We used the Perdew, Burke and Ernzerhof generalized gradient 
approximation to the exchange and correlation potential and a 20 Ry planewave 
basis expansion. This level of accuracy allows for relatively fast calculations. Also, 
it reproduces the FLAPW (full-potential linear augmented plane wave method) 
b.c.c. and f.c.c. crystal equation of states* up to 120 GPa within a 1 GPa error at 
the highest pressure, and the experimental phase boundaries between the b.c.c., 
f.c.c. and the cI16 solids. The Troullier—Martins atomic pseudopotential includes 
the valence 3 s electrons and nonlinear core corrections. The molecular dynamics 
trajectories were integrated using our implementation of the velocity Verlet 
algorithm in the Quantum Espresso package (http://www.pwscf.org). To obtain 
accurate melting temperatures, the equations of motion were integrated with a 
time step as small as 30 atomic units (a.u.) (40a.u. was used after melting 
occurred). The temperature was controlled by means of a Berendsen ther- 
mostat’’ with a relaxation time of 0.1 ps. The analysis of electronic properties 
was performed using the ABINIT package (ref. 28 and http://www.abinit.org). 

The ‘heat-until-it-melts’ approach was effective at pressures above 25 GPa, at 
which melting leads to a densification of the structure. At these pressures, melt- 
ing was observed within a few picoseconds. Overheating effects are possibly 
present below 25 GPa, because very long simulation times were necessary to melt 
the system (30 ps were necessary to melt the system at 20GPa and 800K). 
Therefore, the data points corresponding to the liquid phase below 30 GPa on 
Fig. 1 should be considered as upper boundaries for the melting temperatures. 

To detect fine features of the DOS and to converge the conductivity calcula- 
tions it is necessary to carry out a very careful k-point sampling of the Brillouin 
zone. Our results were obtained by performing calculations with 1,000 k points 
on 108 or 128 atomic configurations taken from the FPMD simulations. For the 
FPMD simulations, in contrast, a I’-point-only sampling is sufficient; as illu- 
strated in Fig. 3a, the resulting DOS profile is identical to that obtained from 
FPMD simulations carried out with an 8-k-point mesh. The comparison was 
established for two selected pressures at which fully independent molecular 
dynamics trajectories have been generated using either a single-k-point (I°) or 
an 8-k-point sampling of the Brillouin zone. Both the structures and the elec- 
tronic properties (melting temperature, local order, electronic densities of states 
and conductivities) were indistinguishable. All other simulations were then per- 
formed with the I’-point-only sampling of the Brillouin zone. 
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Millennial-scale trends in west Pacific warm pool 
hydrology since the Last Glacial Maximum 


Judson W. Partin’, Kim M. Cobb’, Jess F. Adkins’, Brian Clark® & Diego P. Fernandez* 


Models and palaeoclimate data suggest that the tropical Pacific 
climate system plays a key part in the mechanisms underlying 
orbital-scale and abrupt climate change’’. Atmospheric convec- 
tion over the western tropical Pacific is a major source of heat and 
moisture to extratropical regions, and may therefore influence 
the global climate response to a variety of forcing factors. The 
response of tropical Pacific convection to changes in global 
climate boundary conditions, abrupt climate changes and radi- 
ative forcing remains uncertain, however. Here we present three 
absolutely dated oxygen isotope records from stalagmites in 
northern Borneo that reflect changes in west Pacific warm pool 
hydrology over the past 27,000 years. Our results suggest that 
convection over the western tropical Pacific weakened 18,000- 
20,000 years ago, as tropical Pacific>>** and Antarctic’ tempera- 
tures began to rise during the early stages of deglaciation. 
Convective activity, as inferred from oxygen isotopes, reached a 
minimum during Heinrich event 1 (ref. 10), when the Atlantic 
meridional overturning circulation was weak"', pointing to feed- 
backs between the strength of the overturning circulation and 
tropical Pacific hydrology. There is no evidence of the Younger 
Dryas event’ in the stalagmite records, however, suggesting that 
different mechanisms operated during these two abrupt deglacial 
climate events. During the Holocene epoch, convective activity 
appears to track changes in spring and autumn insolation, high- 
lighting the sensitivity of tropical Pacific convection to external 
radiative forcing. Together, these findings demonstrate that the 
tropical Pacific hydrological cycle is sensitive to high-latitude 
climate processes in both hemispheres, as well as to external radi- 
ative forcing, and that it may have a central role in abrupt climate 
change events. 

Numerous palaeoclimatic studies have focused on changes in the 
tropical Pacific zonal sea surface temperature (SST) gradient and 
associated shifts in convection”*’, extending an El Nifio/Southern 
Oscillation (ENSO) framework to interpretations of millennial-scale 
climate variability. Recently, the potential for meridional changes 
in tropical Pacific temperatures has emerged as an important 
mechanism in shaping hydrological responses to abrupt climate 
change”'*"'>. Indeed, new modelling and palaeoclimate results sug- 
gest that during Heinrich event 1 (H1), when a near-collapse of the 
Atlantic meridional overturning circulation'! cooled most of the 
Northern Hemisphere, the Intertropical Convergence Zone (ITCZ) 
shifted southwards”'*"°. However, the extent to which tropical 
Pacific climate feedbacks were involved in deglacial abrupt climate 
events such as H1, the Antarctic Cold Reversal’? and subsequent 
Younger Dryas'’* remains unclear. A combination of zonal and/or 
meridional changes in the distribution of tropical convection prob- 
ably played a key part in shaping the global climate response to 
abrupt climate changes during the deglaciation. Uncovering the 


mechanisms and feedbacks that govern the response of the tropical 
Pacific climate system to both internal and external forcings requires 
well-dated, high-resolution records from climatic centres of action. 

Here we present three absolutely dated stalagmite oxygen isotopic 
(8'80) records from northern Borneo that document changes in 
western tropical Pacific atmospheric circulation and hydrology over 
the past 27,000 yr. Tropical stalagmite 5'°O records are particularly 
well-suited to the investigation of centennial-to-millennial hydro- 
logical change because tropical rainfall 8'*O is inversely correlated 
to precipitation amount and because U-Th dating provides excellent 
chronological control. 

The research site is located in Gunung Buda National Park (4° N, 
114°E) in the northwestern corner of Malaysian Borneo (see 
Methods for detailed site description). The ITCZ lies above northern 
Borneo year-round, delivering 5m of rainfall with little seasonality 
(Supplementary Fig. 1). ENSO exerts a dominant control on north- 
ern Borneo precipitation, with anomalies as large as +50% during 
ENSO extremes (Fig. 1). Interannual (2-7 yr) changes in rainfall 
account for ~20% of total precipitation variance in northern 
Borneo and are highly correlated to the Southern Oscillation Index 
(R= —0.80). Seasonal cycles in rainwater 5180 (—10%o during 
boreal autumn and —4%o during boreal spring) probably reflect 
northern versus southern moisture trajectories'®. ENSO-related 
interannual rainfall 5'*O variability is consistent with the ‘amount 
effect’'”"*, whereby periods of increased precipitation are character- 
ized by lighter rainfall 5'°O (ref. 16). 

Several tests confirm that the Gunung Buda stalagmites formed 
under oxygen isotopic equilibrium, allowing carbonate 5'*O changes 
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Figure 1| Map of the west Pacific December-January-February 
precipitation anomaly during the 1997-98 El Nino event. Data are from 
ref. 31. A white triangle marks the approximate location of the research site. 
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to be interpreted as rainwater 5'*O changes. First, the correlation 
between oxygen and carbon isotopic variability is low (R< 0.05) 
after linearly detrending for glacial—interglacial isotopic changes. 
Second, all three samples pass the ‘Hendy test’”’, exhibiting 8'°O 
variations of less than ~0.5%o across the axial portion of a single 
growth layer (see Methods and Supplementary Figs 9 and 10). 
Third, the equilibrium calcite 5'°O value equals that measured for 
modern stalagmite calcite, given measured present-day rainwater 
5'°O of —6.8%o and 26 °C cave temperatures"’. Last, the high degree 
of millennial-scale reproducibility of 5'°O in the three stalagmites 
from caves located ~5 km apart strongly suggests that the stalagmite 
5180 records regional climate changes associated with rainfall 8'*O 
variability (Fig. 2). Poor sub-millennial reproducibility between the 
three records can be attributed to dating uncertainties and/or site- 
specific stalagmite 8'*O variability. It is important to note that tem- 
perature changes could only account for ~0.7%o of stalagmite 8'°O 
variability over the past 27,000 yr, given that warm pool temperatures 
were no more than 3.5 °C colder during the Last Glacial Maximum 
(LGM)*>68, 

A total of 75 U-Th dates and 11 isochrons provide excellent chro- 
nological control for the three stalagmite 5'°O records (see Methods 
and Supplementary Information). The age model for each record 
consists of 24-26 U-Th dates (Fig. 2) that were corrected for detrital 
thorium using stalagmite-specific detrital *°Th/?*’Th values calcu- 
lated using isochrons. Age errors of up to 2% (20) represent a com- 
bination of analytical uncertainty and uncertainty in the detrital 
*°2Th correction. Slow growth rates and/or unresolved hiatuses rep- 
resent the largest sources of chronological uncertainty, so we limit 
our climatic interpretations to portions of the records with growth 
rates higher than 10 um yr '. 

LGM stalagmite 5'*O values (averaged over the period 19-23 kyr 
ago) are 1.3 + 0.3%o heavier than modern values, and reflect a com- 
bination of global ice volume (+1%o0)”, LGM cooling of ~2-3.5 °C 
in the western tropical Pacific”*** (+0.4%o to +0.7%o), and poorly 
constrained changes in LGM regional seawater 5'°O (—0.5%o to 
+0.5%o)**°". Thus, potentially small changes in northern Borneo 
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Figure 2 | Three absolutely dated stalagmite 5'°O records from northern 
Borneo. U-Th dates for each record are plotted in corresponding colours 
along the top and bottom; error bars represent 20 analytical uncertainty plus 
uncertainty in the detrital thorium correction. The average 5'°O temporal 
resolution is 72, 56 and 60 yr per sample for SCH02, SSCO1 and BA04, 
respectively, but varies from 1 to 100 yr per sample depending on growth 
rate. Data depicted in grey represent slow-growing (<10 um yr ‘) portions 
of the records, and are considered untrustworthy for climatic interpretation 
owing to poor chronological control (up to +1 kyr). Sample BA04 grew in 
Bukit Assam cave, while SSC01 and SCH02 grew ~20 m apart in Snail Shell 
cave, roughly 6 km from Bukit Assam (see Methods for more detailed cave 
and sample descriptions). 
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rainfall 5'°O during the LGM are difficult to resolve. Possible con- 
trols on northern Borneo rainfall 8'*O over our whole 27-kyr record 
include: (1) changes in the tropical Pacific zonal SST gradient; (2) 
changes in the location and/or intensity of the ITCZ; and (3) changes 
in eustatic sea level, which determine the size of the emergent Sunda 
Shelf. Exposure of the Sunda Shelf undoubtedly altered atmospheric 
circulation in the west Pacific by increasing continentality and 
lengthening moisture trajectories, both of which deplete rainfall 
5'%O (refs 17, 18). A complete understanding of warm pool hydro- 
logical changes during the LGM and deglaciation must account for 
the effect of the Sunda Shelf on the tropical Pacific coupled system. 

Stalagmite 5'°O values begin a protracted trend towards more 
positive values 18-20kyr ago, as tropical Pacific SST**** and 
Antarctic? temperatures began to rise during the early deglaciation. 
This stalagmite 5'°O excursion cannot be attributed to temperature 
or local seawater 8'8O changes, as recorded in nearby marine sedi- 
ments***?', and is therefore interpreted as a positive rainfall 8'°O 
anomaly (dry conditions based on the amount effect). The inferred 
trend towards drier conditions in northern Borneo culminates in 
maximum stalagmite 5'°O values 16.3 + 0.3 kyr ago, coincident with 
the timing of a 5'°O maximum ina Chinese stalagmite” attributed to 
H1 (Fig. 3). Conservative age error bars for specific features of the 
Borneo stalagmite 5'°O records take into account uncertainties 
associated with stalagmite 5'°O reproducibility, U-series dating 
errors, and the potential for nonlinear growth rates. Dry conditions 
in northern Borneo during H1 are consistent with model results!” 
indicating a southward shift of the ITCZ in conjunction with a wea- 
kened Atlantic meridional overturning circulation inferred from 
proxy data'’. Together with evidence for dry conditions in southeast 
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Figure 3 | Comparison of the Borneo stalagmite 5"°O records with other 
palaeoclimate records. Records plotted are as follows. a, Greenland 
(NGRIP) ice core 5!°O (ref. 12). b, Hulu/Dongge caves stalagmite Fe @) 
records (ref. 22 and R. L. Edwards, personal communication). c, Borneo 
stalagmite 880 records (SCH02, blue; SSC01, red; BA04, green). Slow- 
growing (<10 umyr ') portions of the records are excluded. Note that 
BA04 8'%0 values have been shifted by +0.4%bo. d, EPICA Dronning Maud 
Land ice core 5'°O (ref. 9). e, Sediment core reconstruction of SST from the 
Sulu Sea®. f, March minus September insolation at the Equator. 
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Asia” and enhanced wind-driven upwelling in the eastern equatorial 
Pacific’ during H1, the new stalagmite data strongly suggest that a 
meridional ITCZ shift may have characterized the tropical Pacific 
hydrological response during H1. 

However, the new stalagmite data suggest that the relationship 
between North Atlantic and Pacific climate is more complex than 
unidirectional forcing and associated response. For example, the 
onset of dry conditions in northern Borneo lies between 18 and 
20 kyr ago, before the beginning of H1 in North Atlantic sediments”. 
Interestingly, this early onset of dry conditions in northern Borneo 
occurs during a transition to relatively wet conditions recorded 
in the Chinese stalagmites, before the strong drying observed 
~16.5kyr ago in both stalagmite reconstructions. Furthermore, 
while sediment reconstructions of the strength of the Atlantic 
meridional overturning circulation suggest that a rapid resumption 
of overturning occurred 14.7 kyr ago"’, coincident with the onset of 
the Bolling—Allerod, the Borneo stalagmite 5'°O records exhibit a 
more gradual recovery that began as early as 15.5 kyr ago. There- 
fore, climatic feedbacks in the tropical Pacific may have played a part 
in driving the variability of the North Atlantic meridional overturn- 
ing circulation across H1, which in turn affected tropical Pacific 
hydrology. 

Following H1, the deglaciation follows a relatively smooth trend 
towards more negative Holocene values, interrupted by a millen- 
nium-long 5'°O plateau centred at 13.2 + 0.2 kyr ago that coincides 
with the Antarctic Cold Reversal? (Fig. 3). A western tropical Pacific 
expression of the Antarctic Cold Reversal is somewhat surprising, 
given that a prominent Younger Dryas event is present in a 
Chinese stalagmite record”. Oxygen isotopic records from several 
western tropical Pacific sediment cores north of the Equator exhibit 
a muted Greenland-like sequence of late deglacial events®”’, includ- 
ing the Younger Dryas, consistent with Northern Hemisphere influ- 
ence on the southeast Asian monsoon during the deglaciation. 
However, with one exception’’, temperature proxy records from 
northern west Pacific sediment cores do not contain the Younger 
Dryas®™, raising the prospect that the hydrological signature of the 
Younger Dryas in these cores is associated with runoff from the 
southeast Asian landmass rather than equatorial rainfall. Indeed, 
5'8O and temperature proxy records from cores south of the 
Equator depict a smooth, uninterrupted deglaciation®™, reminiscent 
of Southern Hemisphere ice cores and the Borneo stalagmite 5'°O 
data. The similarity between the Antarctic ice core record and the 
western tropical Pacific stalagmite record during the late deglacial 
strengthens the view that Southern Hemisphere forcing dominated 
tropical Pacific climate during this period”**. 

The Holocene portions of the records are characterized by broad 
5'8O minima 5kyr ago, indicating the sensitivity of the western 
tropical Pacific to spring/autumn precessional insolation forcing 
(Fig. 3). The stalagmite 5'°O minimum is interpreted as a negative 
rainfall 5'°O anomaly (wet conditions), as it cannot be explained by 
regional temperature and/or seawater 5'°O changes**?'?*. Most 
tropical palaeo-precipitation records from north of the Equator con- 
tain maxima in the range 10 to 8 kyr ago***®, while those from south 
of the Equator exhibit late Holocene maxima”’, presumably linked to 
boreal and austral summer insolation, respectively. When combined 
with the new data from the Borneo stalagmites, these records strongly 
suggest that the mean position of the ITCZ migrated southwards over 
the course of the Holocene in response to precessional forcing, cross- 
ing the equatorial west Pacific ~5 kyr ago. However, relatively wet 
conditions in northern Borneo during the mid-Holocene could also 
reflect an increase in the tropical Pacific’s zonal SST gradient driven 
by spring/autumn insolation, a prospect that finds qualitative sup- 
port in coupled model simulations”*. Indeed, an observed minimum 
~5 kyr ago in eastern equatorial Pacific temperatures* lends further 
support to a zonally mediated insolation response, whereby an 
increased tropical Pacific zonal SST gradient led to enhanced warm 
pool convection. A minimum in atmospheric CH, 5 kyr ago” may 


454 


NATURE|Vol 449|27 September 2007 


provide further clues—precipitation anomalies associated with ITCZ 
variability versus Walker circulation changes probably have different 
consequences for global methane production. Increased methane 
production during modern-day El Nifio events*’ suggests that a 
mid-Holocene increase in the tropical Pacific zonal SST gradient 
may have contributed to the mid-Holocene minimum in atmo- 
spheric methane. However, an ITCZ-related mechanism for atmo- 
spheric methane control during the Holocene cannot be ruled out, 
and warrants further investigation. 

This study demonstrates that the tropical Pacific hydrological cycle 
is sensitive to high-latitude climate processes in both hemispheres as 
well as to external radiative forcing. However, the relatively smooth 
character of the warm pool’s hydrological variability over the past 
27,000 yr suggests a limited potential for large, abrupt changes in the 
character of tropical Pacific variability. Nonetheless, by gradually 
altering the heat and salt budgets of the global oceans, the tropical 
Pacific may have a pivotal role in driving thermohaline circulation 
changes associated with abrupt climate change events. Whether the 
tropical Pacific coupled system acts as an amplifier or a trigger of 
internal global climate variability, its feedbacks on the global climate 
system must be an integral part of any climate change mechanism, 
natural or anthropogenic. 


METHODS SUMMARY 


U-series samples weighing 100-500 mg were drilled with a 1.6mm drill bit 
parallel to growth banding. Each sample was dissolved and spiked with a mixed 
*°U_*°Th solution before the separation of U and Th using standard tech- 
niques. The isotopic compositions of the U and Th fractions were measured 
using a Finnigan ‘Neptune’ MC-ICPMS at Caltech (see Methods and Sup- 
plementary Information). Relatively low °8U concentrations (0.1-0.5 p.p.m.) 
combined with low 8**“U values (—100%o to —600%o) and high detrital 222TH 
concentrations result in U-Th age uncertainties of 0.3-2% (20) (see Sup- 
plementary Information). We account for initial 7*°Th using the measured 
*°Th content and estimates of detrital °°Th/?**Th ratios (~(60-120) x 10 ° 
atomic ratio) obtained from 11 isochrons. All three stalagmites contain multiple 
hiatuses that are associated with visible bands and high **’Th concentrations. 
Larger hiatuses are closely bracketed by U-series dates, but shorter and/or 
adjacent hiatuses can not be accurately resolved with U-series sampling. Slow- 
growing (<10 um yr‘) portions of the stalagmites probably contain unresolved 
hiatuses (supported by high **’Th concentrations measured in these regions), 
and reflect large chronological uncertainties (up to 1,000 yr in the case that a 
hiatus is poorly constrained by high-**’Th dates). Stalagmite 5'°O data were 
assigned calendar ages based on a linear interpolation between each pair of 
U-series dates. 

Oxygen isotopic analyses were conducted on powders drilled every 1mm 
along the central growth axis of the stalagmites with a 1.6mm drill bit. The 
5'°O of BAO4 and SSCO1 powders were measured using a GV Isoprime- 
Multiprep located at Georgia Tech (long-term reproducibility of +0.05%o). 
SCH02 5'*O profiles were analysed on a Finnigan 253 equipped with a Kiel 
device located at Wood’s Hole Oceanographic Institute (long-term reproducib- 
ility of +0.08%o). All 5'°O data are reported with respect to VPDB. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

U-series dating. U-series dating of carbonates has been an important part of 
constraining past climate for decades. With the advance of U and Th isotope 
detection by mass spectrometry instead of alpha particle counting, sample 
sizes were shrunk while also improving precision**. Stalagmites tend to have 
lower 7**U concentrations than corals but higher 7**U/?**U ratios®*. Our tropical 
stalagmites have low **°U, low ***U/?**U ratios and relatively high detrital 
?2Th. These features make radiogenic age constraints especially challenging 
in our samples. Sample BA04 has 1-2 p.p.m. **°U, about —600%o 8°**U, and 
1-100 pmol g™' ***Th. Sample SCH02 has 0.3-0.9 p.p.m. **°U, about —350%o 
8°™4U, and 1-15 pmol g' 7°*Th. Sample SSCO1 has 0.1-0.3 p.p.m. 7*°U, about 
—100%o 8°**U, and 0.3-3 pmol g' ***Th. 

We drilled 100-500 mg samples from time synchronous bands along the 
growth axis of all three stalagmites. Samples were dissolved and spiked with a 
mixed *°°U and *” Th solution**. U and Th isotopes were separated and purified 
by traditional methods” and measured on a Finnigan ‘Neptune’ MC-ICP-MS at 
Caltech. The U fraction was tested for the U concentration and diluted to match 
intensities of all samples. ***U was measured on the centre SEM with **°U and 
*°8U) on separate Faraday cups. 7*°Th and °°Th were measured on the MICs 
attached to Faraday cup L4 and **’Th was measured in this cup. For both U and 
Th, samples were bracketed with known ratio standards, CRM-145 for U and an 
in-house spiked gravimetric standard for Th. With samples of ~100 ng ***U we 
can measure the *”’Th/**’Th ratio to 1-2%o (2a) and the ***U/**8U ratio to better 
than 0.5%. 

Hendy tests. Powders were drilled along a single growth layer to measure the 
5'8O and 5'°C variability as a function of distance from the stalagmites’ central 
growth axes, in order to quantify potential effects of kinetic fractionation”. 
Isotopic values are plotted as departures from central axes values in Sup- 
plementary Fig. 9. Negative distances correspond to samples drilled to the left 
of the central axis, and positive distances represent samples drilled to the right 
of the central axis. Non-equilibrium CO, degassing on the surface of the stalag- 
mite would result in kinetic fractionation of oxygen and carbon isotopes and 
isotopic enrichments off-axis. Such kinetic fractionation might explain the weak 
correlation between 5'*O and 81°C variability across single growth layers of the 
Borneo stalagmites (Supplementary Fig. 10). However, our Hendy analyses sug- 
gest that kinetic fractionation accounts for no more than ~0.5%o of the 5'°O 
variability observed in the down-core stalagmite 5'*O records. Furthermore, the 
fact that the three Borneo stalagmite 5'°O records exhibit strong millennial-scale 
reproducibility confirms that rainfall 5'8O variations are the likely source of their 
shared millennial-scale 5'%O variability. 

Cave locations. Samples SSCO1 and SCHO02 originate from Snail Shell cave 
(4° 12' 20.8” N, 114° 56’ 26.9" E). They formed ~250 m from the cave entrance 
and ~20m from each other. Sample BA04 originates from Bukit Assam 
(4° 15'18”N, 114°57' 34” E), which lies ~6km NNE from Snail Shell Cave. 
BA04 formed >500 m from the cave entrance. 
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pool hydrology since the Last Glacial 
Maximum 
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A recalibration of the Caltech **°U and *”’Th spike has determined 
that the original spike value used for the stalagmite chronologies 
yielded U-Th ages that were too old by a margin of ~2—3%. U-Th 
ages and subsequent age models have been recalculated using the new 
spike value for all stalagmites. The new age models alter the absolute 
timing of certain events, but do not alter any major conclusions of the 
original manuscript. The highest 5'°O values (inferred driest condi- 
tions) now occur at 16.0 + 0.3 kyr ago. A late deglacial 5'°O plateau 
in the Borneo stalagmite records is now centred at 13.0 + 0.2 kyr ago. 
The lowest 5'°O values (inferred wettest conditions) now occur at 
5.0 + 0.1 kyr ago. Examples of original and adjusted dates, respectively, 
at 5kyr intervals are as follows: 5280 versus 5141 (SSCO1); 10581 
versus 10293 (SSCO1); 15673 versus 15231 (BA04); 20937 versus 
20322 (BA04); and 26387 versus 25602 (SCH02). Revised chronologies 
are available at: ftp://ftp.ncdc.noaa.gov/pub/data/paleo/speleothem/ 
pacific/gunung-buda2007.xls 
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Metal saturation in the upper mantle 


Arno Rohrbach’”, Chris Ballhaus', Ute Golla-Schindler”, Peter Ulmer®, Vadim S. Kamenetsky* & Dmitry V. Kuzmin”® 


The oxygen fugacity fo,of the Earth’s mantle is one of the fun- 
damental variables in mantle petrology. Through ferric—ferrous 
iron and carbon—hydrogen—oxygen equilibria, fo, influences the 
pressure-temperature positions of mantle solidi and composi- 
tions of small-degree mantle melts’*. Among other parameters, 
fo, affects the water storage capacity and rheology of the mantle*’. 
The uppermost mantle, as represented by samples and partial 
melts, is sufficiently oxidized to sustain volatiles, such as H,O 
and CO, as well as carbonatitic melts®’, but it is not known 
whether the shallow mantle is representative of the entire upper 
mantle. Using high-pressure experiments, we show here that large 
parts of the asthenosphere are likely to be metal-saturated. We 
found that pyroxene and garnet synthesized at >7 GPa in equilib- 
rium with metallic Fe can incorporate sufficient ferric iron that the 
mantle at >250 km depth is so reduced that an (Fe,Ni)-metal phase 
may be stable. Our results indicate that the oxidized nature of the 
upper mantle can no longer be regarded as being representative for 
the Earth’s upper mantle as a whole and instead that oxidation is a 
shallow phenomenon restricted to an upper veneer only about 
250 km in thickness. 

Although at the time of core melt segregation the silicate Earth 
must have been highly reduced and in equilibrium with metallic 
iron, the Earth’s upper mantle is now oxidized. Relative to the 
iron—wistite reference, oxygen fugacities (fo,) recorded by upper- 
mantle rocks and mantle-derived melts range from 3 to 6 log units 
above the iron—wiistite equilibrium*. Equilibrium with (Fe,Ni) metal 
at the time of core formation would have afforded an fo, of about 2 
log units below the iron—wiistite equilibrium’. Hence, shallow upper 
mantle seems to have experienced oxidation by 5 to 8 orders of 
magnitude in fo,. 

In the shallow mantle, fo, is monitored by ferric—ferrous iron 
equilibria such as 6Fe SiO, (in olivine) + O2 = 2Fe3O, (in spinel) + 
3Fe,Si,0,6 (in pyroxene) or 4Fe,SiO, (in olivine) + Fe,Si,0, (in 
pyroxene) + O3 = 2Fe”*;Fe*”,Si3O,, (in garnet)'®"”. fo, is depend- 
ent on bulk composition; the higher the Fe.O3/FeO bulk ratio, 
the more oxidized the respective mantle region will be. fo, is also 
pressure—-temperature dependent. If at a given bulk Fe,O;/FeO, 
increasing pressure stabilizes phases that fractionate ferric iron (such 
as spinel or garnet), then the pressure will lower the activities of the 
Fe** components, causing reduction and superimposing on bulk 
compositional fo, effects a systematic, depth-related change in fo,. 
The general fo,—depth trend in the mantle is believed to be towards 
reduction’*"*, 

To establish a redox profile through the upper mantle, we have 
equilibrated a model mantle composition (see Supplementary 
Information) in Fe-metal capsules to 14GPa, corresponding to a 
depth of about 450km. The starting composition was depleted 
relative to primitive mantle’? by 30% in normative olivine and 
enriched in FeO to a molar Mg/(Mg+ Fe) bulk ratio of 0.5, to stabilize 


ferric-iron-fractionating phases like pyroxene and garnet and to raise 
the iron detection limit for electron energy loss spectroscopy (EELS) 
analysis. Before experimentation, the starting composition was sin- 
tered at 1,150 °C in CO—CO) atmosphere at an fo, near iron—wiistite, 
to render it free of ferric iron. All experiments were performed in Fe- 
metal capsules from 1 to 14 GPa and 1,220 to 1,650 °C. The fo, at run 
conditions, ranging from 0.5 to 1.3 log units below the iron—wiistite 
equilibrium, was deduced from the FeO contents of pyroxene and 
garnet in equilibrium with metallic Fe, assuming ideal ionic solution 
models. Run products were analysed for major elements and then 
thinned to electron transparency. Pyroxene, garnet and majorite 
solid solutions were then analysed for their Fe?*/ZFe ratios using 
EELS’*””, 

At 1 GPa, stable silicate phases are olivine and two pyroxenes. From 
3 to 6 GPa, subcalcic pyroxene coexists with garnet. In addition, all 
experimental charges are peppered with micrometre-sized metallic 
Fe grains (Fig. 1), suggesting that redox equilibrium with metallic Fe 
was attained. Al’* in pyroxene falls with increasing pressure and 
modal garnet increases according to MAI,SiO, (in clinopyroxene) + 
M2Si2O¢ (in clinopyroxene) = M3A1,Si;0,2 (in garnet) where M = 


Figure 1| Backscattered images of run products. a, 3 GPa experiment. 
b, 12 GPa experiment. Phases present are clinopyroxene (cpx), garnet (grt), 
metallic iron (Fe°) and minor amounts of partial melt. 
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Mg’*, Fe** and Ca’* (Fig. 2a). At 7 GPa, pyroxene starts dissolving 
in garnet according to 2xM,Si,Og (in clinopyroxene) + M3A1,Si30 12 
(in garnet) = [M3A],Si30;2°xM3(MSi)Si3012] (majoritesoiiq-solution) 
until in the highest-pressure run (14 GPa), majorite is the only crys- 
talline silicate. Interestingly, the onset of majorite substitution is 
independent of bulk Mg/(Mg+Fe) and occurs at the same pressure 
as in the more magnesian bulk composition of ref. 18 (Fig. 2b). 

Figure 3 shows pressure-dependent changes in Fe**/ZFe in sub- 
calcic pyroxene and garnet. Below 6 GPa, Fe®* contents are pressure- 
insensitive but above 7 GPa, Fe**/ZFe increase rapidly, up to 0.34 at 
14 GPa. Generally, garnet has higher Fe**/ZFe ratios than pyroxene, 
as in many natural garnet peridotites'’’. We note a stringent corre- 
lation of Fe**/ZFe with majorite component in garnet (Fig. 4), 
expressed as a Si; +, excess over stoichiometric garnet (for which 
the number of Si atoms is 3). Apparently, the ability of garnet to 
fractionate Fe** increases with majorite substitution. 

We suggest that not only the lower mantle and the transition 
zone'*"*°>, but also the lower half of the upper mantle is metal- 
saturated. Fe-metal saturation will set in when the mantle silicates in 
equilibrium with metallic Fe can fractionate more FeO; than is 
present in the fertile upper mantle. We can approximate the depth 
at which this is likely to happen. At 8 GPa, fertile mantle with 
4.5 wt% Al,O3 and 3.7wt% CaO (ref. 15) will crystallize about 
20wt% majoritic garnet, 15 wt% subcalcic clinopyroxene, and 
65 wt% olivine (assuming all Al,O; fractionates into garnet and all 
CaO into pyroxene). A typical iron content in garnet from garnet 
peridotite, calculated as FeO, is 8 to 10 wt% (refs 10, 19). In our 8 GPa 
garnets, 15 mol% of total Fe is ferric iron. Therefore, 20 wt% majori- 
tic garnet with an average 9 wt% FeO (refs 10, 19) may fractionate 
about 2,400 p.p.m. Fe,O3, and this is in equilibrium with metallic Fe. 
Fertile upper mantle at shallow pressure contains about 2,000 p.p.m. 
Fe,O3 and about 8 wt% FeO (ref. 15). Hence, that same composition 
compressed to 7 to 8 GPa will be Fe-metal-saturated. 


Subcalcic 
pyroxene 


Pressure (GPa) 


0.08 0.12 0.16 0.20 0.24 
Number of Al cations per 6 oxygen atoms 


Pressure (GPa) 


Garnet-majorite 
solid solution 


3.0 3.2 3.4 3.6 
Number of Si cations per 12 oxygen atoms 


Figure 2 | Experimental clinopyroxene (a) and garnet-majorite 
compositions (b). Crossed symbols, this study (bulk Mg/(Mg+ Fe) = 0.5); 
open symbols, ref. 18 with bulk Mg/(Mg+Fe) = 0.9. Onset of majorite 
substitution in garnet at about 7 GPa is independent of bulk Mg/(Mg+ Fe). 
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Figure 3 | Pressure effect on the Fe**/Fe atomic ratios of pyroxene and 
garnet (redox equilibrium with metallic Fe). Averages of 8 to 15 analyses per 
symbol. Error bars are standard errors of the mean with 95% confidence 
interval and include variations among analyses and uncertainties of the 
universal curve parameters of ref. 16. 


Implicit in this calculation is that our FeO-enriched, olivine- 
depleted model composition correctly represents reactions among 
natural mantle phases. For example, if with increasing bulk FeO 
contents molar Fe**/XFe increased, as noted in ref. 24, we would 
have to correct our calculated level of metal saturation to greater 
depths because natural garnets are more magnesian. This does not 
seem to be the case, however. The garnets from the 8 GPa run and the 
14 GPa run are the most magnesian (owing to some silicate melt lost 
from the charges), and yet they are within the Fe**/XFe—pressure 
trend in Fig. 3b or even enriched in ferric iron (14 GPa). Also, we note 
that our calculation is generous in that it ignores the ferric iron 
fractionated by clinopyroxene (Fig. 3a), so the depth of metal satura- 
tion derived above is very realistic. 

With metal saturation in the upper mantle, one could be inclined 
to interpret the chondritic highly siderophile element (HSE) and Os 
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Figure 4 | Correlation between the Fe?*/ Fe atomic ratio and the Sis + , 
excess in garnet-majorite solid solutions. Error bars are standard errors of 
the mean with 95% confidence interval and include variations among 
analyses and uncertainties of the universal curve parameters of ref. 16. 


457 


©2007 Nature Publishing Group 


LETTERS 


isotopic signatures'**>”° of the mantle in terms of a “ghost signature” 


of a stranded core melt fraction”, stable at depth but oxidized during 
upward convection. The oxygen source would be Fe** derived from 
majorite breakdown. Assuming this is true, we could use the HSE 
abundances of the Earth’s mantle and core’ to broadly constrain, via 
mass balance, the amount of an (Fe,Ni)-metal phase at depth. This 
mass balance gives about 1,400 p.p.m. Fe metal. If we wanted to 
oxidize this amount of metal to FeO by majorite breakdown, to 
produce an HSE “ghost signature”, we would require about 
4,000 p.p.m. Fe,O3. This is about double the amount of Fe,O3 calcu- 
lated above from majorite compositions. On this basis, it seems 
unlikely that metal saturation at depth is a relict from incomplete 
core formation. Also note that the upper mantle has Ni-Co over- 
abundances”’, which in terms of absolute concentration, are more 
serious than the HSE overabundances. Basically, to account for the 
2,370 p.p.m. NiO of the upper mantle by oxidation of a metal phase, 
in addition to the HSE overabundances, that metal would have to be 
nearly pure Ni, and this is quite unlike the composition of the outer 
core—unless the metal/silicate partition coefficients for Ni and Co 
decrease strongly with increasing pressure. 

A metal phase at depth will influence petrologic processes in the 
upper mantle. In the presence of Fe-rich metal, a carbon—hydrogen— 
oxygen fluid will be CH,—H) with negligible CO. and H;0O (ref. 6). 
Carbonates are presumably unstable* but if CH,—H, fluids are 
decompressed they may react with Fe,O; released by majorite break- 
down to CO, and H,0O, lowering the melting temperature and indu- 
cing redox melting’. The low-velocity region under mid-ocean 
ridges, which ref. 3 related to incipient CO, + H,O-triggered melt- 
ing, may coincide with the depth level at which we expect a metal 
phase to become unstable, that is, at which carbon—hydrogen—oxygen 
speciations would be shifted from CH4—-H, to HxO—CO) and induce 
small-degree melting. Metal saturation may also limit the amount of 
water to be stored in nominally anhydrous minerals because carbon— 
hydrogen—oxygen fluids in equilibrium with metallic Fe will be H,O- 
poor®. Clearly, experiments are needed to test the water-storage 
capacity of nominally anhydrous minerals under Fe-metal-saturated 
conditions with CH,-H, fluid. 

Is there independent evidence from natural samples for a highly 
reduced upper mantle? In garnet peridotite xenoliths a continuous 
decline in relative fo, has been noted’* with increasing pressure to 
6 GPa. Clearly, a shallow mantle trend towards reduction is encour- 
aging for metal precipitation at greater depths. Direct evidence for 
metal saturation comes from Fe metal and Fe,C carbide inclusions in 
diamonds”**®, but one may speculate whether such inclusions record 
ambient fo, mantle conditions or local, short-lived redox perturba- 
tions when these diamonds grew”. Primitive mantle melts from 
metal saturation depths (>250km) seem to be rare (see also Sup- 
plementary Information). Either the necessary depths are not norm- 
ally tapped or deep mantle melting itself is oxidizing, that is, triggered 
by oxidation’. We note, however, that recently reported kimberlites 
are reduced as much as 5 log units below the nickel—NiO buffer, 
which is not far from (Fe,Ni)-metal saturation*!”’. 
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Fire and flood management of coastal swamp enabled 
first rice paddy cultivation in east China 


Y. Zong’, Z. Chen’, J. B. Innes’, C. Chen’, Z. Wang” & H. Wang* 


The adoption of cereal cultivation was one of the most important 
cultural processes in history, marking the transition from hunting 
and gathering by Mesolithic foragers to the food-producing eco- 
nomy of Neolithic farmers’. In the Lower Yangtze region of China, 
a centre of rice domestication’, the timing and system of initial rice 
cultivation remain unclear. Here we report detailed evidence from 
Kuahugiao that reveals the precise cultural and environmental 
context of rice cultivation at this earliest known Neolithic site in 
eastern China, 7,700 calibrated years before present (cal. yr BP). 
Pollen, algal, fungal spore and micro-charcoal data from sedi- 
ments demonstrate that these Neolithic communities selected low- 
land swamps for their rice cultivation and settlement, using fire to 
clear alder-dominated wetland scrub and prepare the site for occu- 
pation, then to maintain wet grassland vegetation of paddy type. 
Regular flooding by slightly brackish water was probably con- 
trolled by ‘bunding’ to maintain crop yields. The site’s exploita- 
tion ceased when it was overwhelmed by marine inundation 7,550 
cal. yr Bp. Our results establish that rice cultivation began in 
coastal wetlands of eastern China, an ecosystem vulnerable to 
coastal change but of high fertility and productivity, attractions 
maximized for about two centuries by sustained high levels of 
cultural management of the environment. 

The major climate amelioration from the late Pleistocene to the 
Holocene epoch markedly altered global ecological systems, prompt- 
ing changes in human environmental adaptations and, in favourable 
regions including China*’, enabling transitions from hunting and 
gathering to domestication. Mesolithic foragers gathered aquatic 
perennial wild rice (Oryza rufipogon) in the middle Yangtze basin° 
and the lower Yangtze region® from the beginning of the Holocene 
epoch, an adaptation resulting from its availability due to the favour- 
able environmental conditions of a warm, humid, monsoonal cli- 
mate’. Such exploitation of wild rice was a prelude to its cultivation 
and then domestication’ in these two core areas’. Understanding the 
process leading to rice domestication is constrained by ignorance of 
the precise ecological conditions that accompanied its initial cultiva- 
tion. Our research at the wetland site of Kuahuqiao in the lower 
Yangtze region (Fig. 1) has answered this fundamental question 
regarding the origin of wet rice cultivation systems. 

Excavation of cultural layers in organic deposits at Kuahuqiao’® 
recovered rich assemblages of biological remains and archaeological 
artefacts, including a dugout canoe" and both forager- and cultivator- 
type bone, bamboo and wooden tools, well preserved because of their 
waterlogged condition and dated between 7,700 and 7,550 cal. yr BP 
(Table 1). Rice-tempered ceramics were common. The settlement’s 
wooden pile dwellings prove that it was situated within wet marshes, 
and its excellent preservation of biological remains allows reconstruc- 
tion of its economy and environment. Oysters provide evidence of 
the exploitation of coastal resources. Common animal bones include 


domestic pig and dog but mainly comprise wild species, as do the 
abundant plant remains, which include many edible types, such as 
acorns. Hunting and gathering dominated the economy. Many grains 
and phytoliths of rice occur, mostly wild varieties but including large 
numbers of morphologically advanced (but not yet domesticated) 
forms'’. The cultural sediments represent the in situ location of first 
rice cultivation by hunter—gatherers establishing sedentary villages 
and undergoing Neolithic economic transition. Cultural activities 
continued for almost two centuries before the site was abandoned 
after inundation by mid-Holocene sea-level rise’* and sealed beneath 
marine clay. 

Lakeside and coastal swamps are good candidates for the ecological 
zone where earliest rice cultivation occurred, and Kuahuqiao’s 
waterlogged sediments and cultural soils are ideal for testing this 
proposal, as they contain evidence of wild and early cultivated rice 
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Hangzhou Bay 
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Figure 1| Location of the Kuahuqiao site, and others, in the lower Yangtze 
region. The Kuahugqiao site lies at the gateway between sites in the upland 
valleys, south and west of Kuahugqiao, occupied by late Mesolithic and early 
Neolithic hunters and foragers including occupants at the Shangshan site”’, 
and sites on the coastal wetlands of Hangzhou Bay, east and north of 
Kuahugqiao, occupied by early Neolithic farmers such as those in Hemudu** 
and Majiabang’ (blue dots). Red dots indicate locations of Songze and 
Liangzhu cultural sites’’. The yellow arrows indicate the possible migration 
directions of the early Neolithic communities. Ages shown are in calibrated 
years BP. 
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3Department of Cultural Heritage, Fudan University, Shanghai 200433, China. “Department of Geography, East China Normal University, Shanghai 200062, China. 
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Table 1| Chronology and the radiocarbon dates for the Kuahuqiao site 


Depth (cm below Laboratory code Methods MC age Material Calibrated age Central calibrated age Events 

sea level) (yr Bp, + 10) (yr BP, 10) (yr Bp, + 10) 

195.0 From ref. 10 Radiometric 6,330 + 190 Bulk organic 7,144-7,428 7,286 + 142 Brackish water conditions 

200.0 BA05766 AMS 6,710 + 40 Organic fragments 7,564-7,612 7,588 + 24 End of human activities 

208.0 BA05767 AMS 6,805 + 35 Organic fragments 7,616-7,670 7,643 + 27 Rise in cultural NPMs 

210.5 GZ1311 AMS 6,743 + 36 Organic fragments 7,574-7,622 7,598 + 24 Decline in reed-swamp NPMs 
213.5 GZ1312 AMS 6,710 + 31 Organic fragments 7,566-7,608 7,587 +21 Rise in Typha 

224.5 GZ1314 AMS 6,752 + 33 Charcoal 7,579-7,622 7,601 + 22 End of large-scale burning 

229.5 GZ1315 AMS 6,783 + 32 Leaf 7,607-7,662 7,635 + 28 Increase in reed-swamp NPMs 
238.0 GZ1316 AMS 6,851 + 33 Organic fragments 7,653-7,709 7,681 + 28 Start of human activities. Burning 
238.0 BA05768 AMS 6870440 — Organic fragments 7,663-7,746 7,705 £42 ane enaeGh alee Cate 

242.5 GZ1317 AMS 6,996 + 33 Organic fragments 7,792-7 863 7,828 + 36 Rise of alder carr 

282.0 From ref. 10 Radiometric 8,125 + 250 Bulk organic 8,722-9,319 9,021 + 299 Change to freshwater conditions 


AMS, accelerator mass spectrometry. 


in secure archaeological contexts, while wild rice occurred naturallyin — cysts—in the clays of units A and G reflect marine sedimentation. 
the area’’. Whereas previous studies of the origins of rice cultivationin _Salt-marsh herb pollen occurs in these marine units, but much of the 
China have relied on rice phytoliths*”®, and only rarely using pollen’’, pollen assemblage comes from freshwater communities, indicating 
we have used high-resolution pollen and several other types of non- _ estuarine rather than open coast environments. The radiocarbon 
pollen microfossil (NPM) analyses to provide detailed, diagnostic dates indicate about 1,500yr of mainly organic freshwater sedi- 
palaeoecological data from Kuahuqiao, summarized in Fig. 2. mentation in phases B to F, when the rate of sea-level rise was greatly 
Eleven radiocarbon dates, concentrated in the cultural layers, provide —_ reduced'*, between two marine episodes. The combined pollen curve 
a secure chronology for the sequence of environmental changes. for deciduous (Quercus) and evergreen (Cyclobalanopsis) oaks repre- 

High frequencies of marine and brackish water diatoms and estu- _ sents the dominant upland vegetation (that is, sub-tropical wood- 
arine NPMs—mainly intertidal fungal spores and dinoflagellate land), indicating a warm, wet monsoonal climate”. 
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Figure 2 | Integrated palaeoecological data from Kuahuqiao. Generalized own total counted sums. Numbers after NPM taxa names refer to the 
stratigraphical units and calibrated radiocarbon age ranges BP are shown. standard catalogue”'. Some curves are aggregated percentages of several 
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pteridophyte and bryophyte spores. NPMs are shown as percentages of their 
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The organic clay microfossil evidence in unit B indicates fresh- 
water conditions, with no saltwater influence. Swamps with open- 
water pools are indicated by many aquatic fungi, macrophytes and 
algae, giving way to marsh, fen and reed-swamp wetland types. In the 
upper part of unit B, increases in grass (Poaceae <40 tum) and fresh- 
water marsh herb pollen indicate progressively shallower water as 
reed-swamp expanded. Abundant Cercophora, a fungal decomposer 
of herbaceous material, is further proof of the fen—marshland vegeta- 
tion. By the end of phase B, successions culminated in the establish- 
ment of dense wetland scrub: first birch—willow (Betula—Salix) then 
alder (Alnus). Diatom evidence from here onwards shows a very 
slight rise in brackish water influence. 

This scrub was cleared by fire at about 7,700 cal. yr BP at the start of 
the first cultural episode (phase C), as the curves for alder pollen, 
swamp woodland NPMs and aquatic/fen taxa collapse and micro- 
charcoal frequencies increase tenfold. Curves for cereal (Oryza)-type 
pollen (thick annulus Poaceae >40 1m), disturbed ground weeds, 
‘cultural’ NPMs and the ova of the parasitic worm Trichuris, hosted 
by pigs and people”, begin at this time. After scrub clearance, human 
occupation and rice cultivation began on wet organic soils in grass— 
reed-swamp environments. This first intensive culture phase lasted 
over a century before interruption by a flooding episode and silt-clay 
deposition, with some woodland regeneration and reduced micro- 
fossil evidence of cultural activity (phase D). From the end of unit B 
throughout cultural phases C, E and F increased levels of salt-marsh 
herb pollen and salt-tolerant diatoms indicate regular flooding by 
slightly brackish water (freshwater diatoms still >85% of total). The 
cultural phases E and F saw intensive exploitation but reduced burn- 
ing. ‘Cultural’ microfossil levels are very high during these two 
phases, including fungal spores indicative of soil disturbance and 
erosion, and some (Chaetomium and Cercophora) that are indicative 
of decomposing dung”!. Seasonal high-tide flooding of coastal rice 
fields” combined with animal grazing” and low-intensity controlled 
burning of the reed-swamp promoted the growth of cattail (Typha). 
The micro-charcoal data in the cultural phases plus the dung- 
associated fungi and the site’s abundant pig bones suggest human 
management, with burning and manuring to enhance rice culti- 
vation yields. This encouraged abundant Typha growth around the 
cultivated area, which was perhaps deliberate as Typha is itself an 
important crop for food and materials”. This intensive human 
manipulation of the environment continued until 7,550 cal. yr BP, 
when marine inundation ended settlement and cultivation. 

The cultural evidence shows that the forager/cultivator site at 
Kuahugqiao was the forerunner of a concentration of early Neo- 
lithic sites in the coastal lowlands around Taihu Lake and 
Hangzhou Bay (Fig. 1), including classical sites of the Chinese 
Neolithic, such as Hemudu*”’. This area was a major centre of rice 
exploitation from the very early Holocene, as shown by rice husks and 
phytoliths in pottery fabric before 9,000 cal. yr BP at Shangshan”’, 
with the establishment at 6,500 cal. yr BP of agricultural villages, as 
at Hemudu, and the intensive farming of fully domesticated rice 
varieties during the Songze and Liangzhu Neolithic cultures after 
6,000 cal. yrBp’’. There is strong debate over how agriculturally 
meaningful the earliest Holocene rice records are’””*, but rice grain 
morphology suggests that records such as Shangshan are of exploited 
wild rice varieties, with dedicated cultivation (of evolving but still 
pre-domestication forms'’) starting in the cultural occupation at 
Kuahuqiao and then at Hemudu”. The precise ecological data from 
Kuahugiao are therefore critical to understanding the early stages of 
the forager—cultivator transition. A similar lengthy transitional per- 
iod, with increasingly intensive cultivation of pre-domesticated rice 
varieties, also occurred in the central Yangtze valley around Lakes 
Poyang and Dongting at sites like Bashidang and Pengtoushan”. 
These sites have abundant rice grain and rice-tempered ceramic 
evidence comparable to Kuahugiao, whereas similar sites in that area, 
like Diaotonghuan, may well be forager/cultivator correlatives of 
Kuahuqiao. Although their precise ecological history remains 
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unknown, these sites provide a context for Kuahugiao, and it is likely 
that the transition to dedicated rice cultivation was encouraged along 
the Yangtze valley by the major climate switch to benign, warm, wet 
conditions under the strengthening summer monsoon after 
9,000 cal. yr BP*®, a critical environmental prompt to cultural change, 
permitting rice cultivation at this latitude. 

The environmental evidence from Kuahugiao not only establishes 
the presence of extremely early dedicated rice cultivation but allows 
an assessment of the earliest Neolithic rice cultivation system itself. 
Our detailed ecological analyses at Kuahuqiao establish that in east- 
ern China the earliest significant rice cultivation system was located 
in slightly brackish coastal reed-swamps, and that, even at this early 
stage, rice cultivation involved very high-intensity clearance and 
management of the coastal marsh vegetation by fire. The abundant 
Typha stands that formed at the site, encouraged by human manage- 
ment activity, provided another highly productive crop, and rice 
cultivation may have been only one aspect of the exploitation of 
coastal resources that encouraged settlement, environmental mani- 
pulation and early cultivation in locations like Kuahugiao. It is likely 
that floodwater input to the cultivated areas was also controlled by 
humans, as the proportion of tidal brackish water influence is main- 
tained at a consistently low level throughout the later cultural phases. 
The earliest system of rice cultivation in China may well have been a 
form of ‘receding-flood’ water regulation, with artificial bunding 
used to retain some nutrient-rich seasonal floodwater, prevent major 
inundation and provide rice with the consistent water regime it 
requires. The eventual overwhelming of the site by marine inunda- 
tion reflects the breakdown of this system of flood regulation and 
highlights the vulnerability of early rice cultivation in this productive 
but environmentally unstable coastal ecosystem. Our conclusion that 
incipient Neolithic groups in China used fire management to modify 
coastal wetlands for intensive early rice cultivation may pertain to 
other areas, such as around the lakes of the central Yangtze valley, and 
requires testing there. 


METHODS SUMMARY 


Field and laboratory methodology was designed to produce high-resolution 
palaeo-ecological data. Sediments for analysis were collected from an exposed 
section at the edge of the archaeological site, close enough to preserve evidence 
regarding on-site and near-site activities but far enough away from the main 
occupation area to avoid disturbance of the deposits’ stratigraphy in antiquity. 
The altitude of the sampled profile was recorded relative to modern Yellow Sea 
Datum so that the site’s relationship with past sea level could be established. 
Close interval sampling of the deposits was undertaken so that short timescale 
events could be recognised and studied. Multiple accelerator mass spectrometry 
(AMS) dates provide a robust and detailed chronology for the sedimentary 
sequence. Laboratory chemical preparations removed all mineral and organic 
material except for microfossils and microscopic charcoal fragments. Pollen 
grains were selected as the main source of evidence because they derive from a 
spatial variety of source areas, so that both on- and off-site vegetation can be 
reconstructed. Fungal spores, diatoms, other algae and invertebrate remains 
were also recorded, as these provide evidence sensitive to changes in local 
environmental conditions, including tidal brackish water influence. Micro- 
charcoal particles were recorded so that local fire history could be studied. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Further details of the Kuahugiao site. The site is located about 5 km south of 
Hangzhou City, between the hilly area to the south and west and the coastal 
lowland of Hangzhou Bay to the east and north, and is at the gateway between the 
catchment basin of the rivers and the coast. The archaeological site lies on the 
edge of a low-lying depression or a lake, with ground altitudes around 3.8m 
above mean sea level, between two lines of hills. 

The lacustrine sediments at the site were dug for brick making in the 1970s. As 
a result, part of the archaeological site was destroyed, and no cemetery was found 
during later excavations. The site was excavated for the first time in 1990, and 
excavated again in 2001 and 2002, by the Zhejiang Provincial Institute of 
Cultural Relics and Archaeology, an area of 1,080 m” in total!®. At the centre 
of the site the cultural layer is about 3 m thick, covering the living quarter of the 
site from which at least four piled dwellings were found. The current research 
investigates the eastern edge of the site where the cultural layer is about 0.5 m 
thick and from which palaeoecological reconstruction is more reliable. The 
eastern profile (facing west) of trench T0512 was sampled in 2005, and this 
profile is about 8m from the location where a dugout canoe was found and 
dated to approximately 8,000 cal. yr Bp''. The sedimentary sequences at the pro- 
file are recorded against the Yellow Sea Datum: altitude —97 to —161 cm, grey, 
laminated fine sands, silt and clay, with abundant foraminifera, interpreted as 
tidal flat deposits; altitude —161 to —199 cm, brownish grey, uniform silt and 
clay, with abundant foraminifera, interpreted as tidal flat deposits; altitude — 199 
to —239 cm, dark brown silt and clay with abundant organic detritus and cul- 
tural remains, cultural layers C, E and F; altitude —239 to —283 cm, blue to grey, 
soft clay, turning brownish towards the top, with abundant plant fragments, 
interpreted as lacustrine deposits; altitude —283 to —297 cm, blue to grey, silt 
and clay, changing into yellowish sands and gravels at the base. 

Geographically, the Kuahuqiao site lies at the gateway between the hilly areas 
and the coastal lowlands. Archaeologically, the Kuahugiao site marks the begin- 
ning of the cultural transition between foraging Mesolithic hunter—gatherers and 
Neolithic food-producing farmers. In Kuahugiao, over 1,000 rice grains were 
found, some of the grains show characteristics of domestic form, dated to 7,000 
to 8,000 cal. yr Bp’®. Thus the Kuahuaiao site is considered important as it bridges 
the transition between sedentary foraging in Shangshan, approximately 90 km 
south of Kuahugqiao, where pottery pastes were found tempered with charred 
plants including rice husks and dated to about 10,000 to 8,000 cal. yr BP’’, and full 
domestication in Hemudu, about 140 km east of Kuahuqiao, where a large 
quantity of rice grains and husks were found and dated to approximately 
7,000 to 6,000 cal. yr BP®. Recent examination of rice grains from the Lower 
Yangtze region suggests that there is an extended period, a millennium or more, 
of pre-domestication cultivation, which exists between a much longer period of 
wild rice use by foragers and the full domestication around 6,000 cal. yr BP**. The 
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cultural activities found in Kuahuqiao fall right within this transitional pre- 
domestication cultivation period. 

According to ref. 10, other archaeological findings from Kuahuqiao include 

piled dwelling and storage pits. There are a large number of ceramics, mostly 
tempered with charred plants and rice husks. There are also a large number of 
bones from a variety of animals, birds and fish, as well as oyster shells and a 
variety of nuts and fruit seeds, acorns in particular. These remains suggest a wide 
range of activities of the Kuahuqiao community, including hunting, fishing and 
gathering as well as cultivation. 
Laboratory methods. Microfossils (that is, <180 [1m in size) from the sampled 
section were counted using a Nikon stereomicroscope at magnifications of 
400, using X600 oil immersion lenses for identification of critical features. 
Thirty-six sub-samples were taken for analysis at no more than 5 cm vertical 
increments, closing to 1 cm intervals through most of the cultural layers. Samples 
were prepared for pollen analysis using standard preparation techniques includ- 
ing alkali digestion, hydrofluoric acid digestion and acetolysis*'. Microfossil 
concentration was good although preservation was variable, and a minimum 
of 200 pollen grains was counted at each sampled level, after which the rest of the 
microscope slide was scanned for rare or indicator types and to confirm the 
presence or absence of cultigen pollen. Non-pollen microfossils (NPMs), mainly 
comprising fungal spores and remains of algae and invertebrates, were also 
recorded with at least 100 identified at each level and usually many more. 
NPMs have been proven to be accurately represented on slides prepared for 
pollen analysis**. Microscopic charcoal fragments were counted, their numbers 
at each level calculated by their aggregated size relative to a unit of measurement 
equal to an average-sized pollen grain, providing a pollen/micro-charcoal ratio”’. 
Diatom counts were also made, with taxa classified according to a halobian 
system based on salinity tolerances™*. Frequency curves for selected types of these 
proxy data are shown in Fig. 2, correlated with radiocarbon assays and stra- 
tigraphical units. The calibration to calendar dates used the Calibration 
Program Calib 5.1 (ref. 35). 


31. Moore, P. D., Webb, J. & Collinson, M. Pollen Analysis (Blackwell, Oxford, 1991). 

32. Clarke, C. M. In Aspects of Archaeological Palynology: Methodology and 
Applications (eds Davis, O. K. & Overs, J.) 53-62 (AASP Contributions Series 29, 
1994). 

33. Innes, J. B. & Simmons, |. G. Mid Holocene charcoal stratigraphy, fire history and 
palaeoecology at North Gill, North York Moors, UK. Palaeogeog. Palaeoclimatol. 
Palaeoecol. 164, 151-165 (2000). 

34. Vos, P. C. & de Wolf, H. Diatoms as a tool for reconstructing sedimentary 
environments in coastal wetlands: methodological aspects. Hydrobiologia 
269/270, 285-296 (1993). 

35. Stuiver, M., Reimer, P. J. & Braziunas, T. F. High-resolution radiocarbon age 
calibration for terrestrial and marine samples. Radiocarbon 40, 215-230 (1998). 


©2007 Nature Publishing Group 


Vol 449|27 September 2007|doi:10.1038/nature06148 


nature 


LETTERS 


The grapevine genome sequence suggests ancestral 
hexaploidization in major angiosperm phyla 


The French-lItalian Public Consortium for Grapevine Genome Characterization” 


The analysis of the first plant genomes provided unexpected evid- 
ence for genome duplication events in species that had previously 
been considered as true diploids on the basis of their genetics’. 
These polyploidization events may have had important conse- 
quences in plant evolution, in particular for species radiation and 
adaptation and for the modulation of functional capacities*°. Here 
we report a high-quality draft of the genome sequence of grapevine 
(Vitis vinifera) obtained from a highly homozygous genotype. The 
draft sequence of the grapevine genome is the fourth one produced 
so far for flowering plants, the second for a woody species and the 
first for a fruit crop (cultivated for both fruit and beverage). 
Grapevine was selected because of its important place in the cul- 
tural heritage of humanity beginning during the Neolithic period". 
Several large expansions of gene families with roles in aromatic 
features are observed. The grapevine genome has not undergone 
recent genome duplication, thus enabling the discovery of ancestral 
traits and features of the genetic organization of flowering plants. 
This analysis reveals the contribution of three ancestral genomes to 
the grapevine haploid content. This ancestral arrangement is com- 
mon to many dicotyledonous plants but is absent from the genome 
of rice, which is a monocotyledon. Furthermore, we explain the 
chronology of previously described whole-genome duplication 
events in the evolution of flowering plants. 


Table 1| Global statistics on the genome of Vitis vinifera 


All grapevine varieties are highly heterozygous; preliminary data 
showed that there was as much as 13% sequence divergence between 
alleles, which would hinder reliable contig assembly when a whole- 
genome shotgun strategy was used for sequencing. Our consortium 
therefore selected the grapevine PN40024 genotype for sequencing. 
This line, originally derived from Pinot Noir, has been bred close to 
full homozygosity (estimated at about 93%) by successive selfings, 
permitting a high-quality whole-genome shotgun assembly. 

A total of 6.2 million end-reads were produced by our consortium, 
representing an 8.4-fold coverage of the genome. Within the assem- 
bly, performed with Arachne’’, 316 supercontigs represent putative 
allelic haplotypes that constitute 11.6 million bases (Mb). These 
values are in good fit with the 7% residual heterozygosity of 
PN40024 assessed by using genetic markers. When considering only 
one of the haplotypes in each heterozygous region, the assembly 
(Table la) consists of 19,577 contigs (Nso = 65.9 kilobases (kb), 
where Ns corresponds to the size of the shorter supercontig or 
contig in a subset representing half of the assembly size) and 3,514 
supercontigs (Ns 9 = 2.07 Mb) totalling 487Mb. This value is 
close to the 475 Mb previously reported for the grapevine genome 
size’. 

Using a set of 409 molecular markers from the reference grapevine 
map", 69% of the assembled 487 Mb, arranged into 45 ultracontigs 


(a) Assembly 
Status Number Nso (kb) Longest (kb) Size (Mb) Percentage of the 
assembly 

Contigs All 19,577 65.9 557 467.5 = 
Supercontigs All 3,514 2,065 12,675 487.1 100 

Anchored on chromosomes 191 3,189 12,675 335.6 68.9 

Anchored on chromosomes 143 3,827 12,675 296.9 60.9 

and oriented 
(b) Annotation 
Number Median size (bp) Total length (Mb) Percentage of the genome %GC 

Gene 30,434 3,399 225.6 46.3 36.2 
Exons CDS 149,351 130 33.6 6.9 44.5 
Introns CDS 118,917 213 178.6 36.7 34.7 
Intergenic 30,453 3,544 261.5 34.7 33.0 
tRNA* 600 73 0.04 NS 43.0 
miRNAtT 164 103.5 0.002 NS 35:9 
(c) Orthology 

Number of orthologous proteins Mean identity (%) 
P. trichocarpa 12,996 72.7 
A. thaliana 11,404 65.5 
O. sativa 9,731 59.8 
Common to eudicotyledonst 10,547 
Common to Magnoliophyta8 8,121 
* Transfer RNA (tRNA) values were computed on exons. 
+ Micro RNAs (miRNAs) are members of known conserved miRNA families. 
t Eudicotyledons are represented by P. trichocarpa and A. thaliana. 
§ Magnoliophyta (most flowering plants) are represented by P. trichocarpa, A. thaliana and O. sativa. 
*A list of participants and their affiliations appears at the end of the paper. 
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and 51 single supercontigs, were anchored along the 19 linkage 
groups. Thirty-seven ultracontigs and 22 single supercontigs were 
oriented, representing 61% of the genome assembly (Supplemen- 
tary Tables 2 and 3). 

This assembly has been annotated by using a combination of evid- 
ence. The major features of the genome annotation are presented in 
Table 1b. The 8.4-fold draft sequence of the grapevine genome con- 
tains a set of 30,434 protein-coding genes (an average of 372 codons 
and 5 exons per gene). This value is considerably lower than the 
45,555 protein-coding genes reported for the poplar (Populus tricho- 
carpa) genome, which has a similar size, at 485 Mb (ref. 1), and even 
lower than the 37,544 protein-coding genes identified in the 389 Mb 
of the rice genome’. 

Three different approaches revealed that 41.4% (average value) of 
the grapevine genome is composed of repetitive/transposable ele- 
ments (TEs), a slightly higher proportion than that identified in the 
rice genome, which has a somewhat smaller size’. The distribution of 
repeats and TEs along the chromosomes is quite uneven (see below). 
All classes and superfamilies of TEs are represented in the grapevine 
genome, with a large prevalence of class I elements over class II and 
helitrons (rolling-circle transposons) (Supplementary Table 7). An 
analysis of the distribution of the repetitive elements in the different 
fractions of the grapevine genome based on the current annotation 
shows that introns are quite rich in repeats and TEs (data not shown). 
In addition, 12.4% of the intron sequence contains transposons as 
determined using our set of manually annotated elements, most of 
which (75%) correspond to LINE (long interspersed element) retro- 
transposons, which therefore seem to have contributed specifically to 
the intron size observed in grapevine (Supplementary Table 8). 

In eukaryotes with large genomes, the coding and repeated ele- 
ments are distributed over the chromosomes and may be more or less 
interlaced, hence defining gene-poor and gene-rich regions. It has 
previously been noticed that the distribution of the genes along 
the chromosomes of rice and Arabidopsis thaliana is fairly homo- 
geneous”’. In contrast, we observe large regions that alternate 
between high and low gene density in V. vinifera (Supplementary 
Figs 2 and 3). As expected, the density of TEs reflects a pattern 
substantially complementary to gene density. We observe a similar 
characteristic in the genome sequence of poplar, therefore indicating 
a dynamic for the invasion of TEs that is shared with the grapevine 
(Supplementary Fig. 3). 

A striking feature of the grapevine proteome lies in the existence of 
large families related to wine characteristics, which have a higher gene 
copy number than in the other sequenced plants. Stilbene synthases 
(STSs) drive the synthesis of resveratrol, the grapevine phytoalexin 
that has been associated with the health benefits associated with 
moderate consumption of red wine'™’®. The family of genes encoding 
STSs has a noticeable expansion: 43 genes have been identified. Of 
these, 20 have previously been shown to be expressed after infection 
by Plasmopara viticola, thus confirming that they are likely to be 
functional. The terpene synthases (TPSs) drive the synthesis of 
terpenoids; these secondary metabolites are major components of 
resins, essential oils and aromas (their relative abundance is directly 
correlated with the aromatic features of wines’’) and are involved in 
plant—-environment interactions. In comparison with the 30-40 
genes of this family in Arabidopsis, rice and poplar, the grapevine 
TPS family is more than twice as large, with 89 functional genes and 
27 pseudogenes. Classification based on known plant homologues 
reveals that the subclass of putative monoterpene synthases repre- 
sents only 15% of the Arabidopsis TPS family'® whereas this subclass 
represents 40% of the grapevine TPS family. This result suggests a 
high diversification of grapevine monoterpene synthases that specif- 
ically produce Cj terpenoids present in aroma (such as geraniol, 
linalool, cineole and «-terpineol). Furthermore, the grapevine gen- 
ome annotation has also revealed genes encoding homologues to the 
two forms of geranyl diphosphate synthases (GPPSs), the enzymes 
that produce the substrate for monoterpene synthases: both the 
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homodimeric GPPS and the heterodimeric form are present; the 
latter is present only in plants such as Mentha piperita and Clarkia 
breweri, which produce large quantities of monoterpenes'*. Most of 
the STS and TPS genes occur as 20 clusters, including up to 33 para- 
logous genes located in a 680-kb stretch. 

Because global duplication events seem to be a frequent event in 
plant evolution”, we searched the genome of V. vinifera for paralo- 
gous regions by using protein sequence similarity. Paralogous regions 
are defined as chromosome fragments in which homologous genes 
are present in clusters. Statistical analysis*’ of these clusters reveals 
that 94.5% have high probability of being paralogous (P< 10 *; 
Supplementary Table 11). Most Vitis gene regions have two different 
paralogous regions, which we have grouped together as triplets 
(Supplementary Fig. 5; coverage details in Supplementary Table 
10). We conclude that the present-day grapevine haploid genome 
originated from the contribution of three ancestral genomes. It is 
yet to be demonstrated whether this content came from a true hex- 
aploidization event or through successive genome duplications. The 
resulting plant had a diploid content that corresponds to the three 
full diploid contents of the three ancestors; it may therefore be 
described as a ‘palaeo-hexaploid’ organism. A number of rearrange- 
ments have affected the original three complements after the forma- 
tion of the palaeo-hexaploid state. However, the gene order has been 
sufficiently conserved to permit the alignment of most regions with 
their two siblings. 

We explored the time of formation of the palaeo-hexaploid 
arrangement by comparing grapevine gene regions with those of 
other completely sequenced plant genomes. If the palaeo-hexaploid 
complement is present in another species, it should result in a one- 
for-one pairing of gene regions between the two species considered. 
In contrast, if another species’s genome evolved before palaeo- 
hexaploid formation, it should result in a one-to-three relationship 
between the other species and the grapevine genome. The available 
genome sequences were those of poplar’, Arabidopsis’ and rice (Oryza 
sativa’), of which poplar is considered to be most closely related to 
grapevine. All clusters constructed between the orthologues in the 
three comparisons have P< 10 * (Table 1c). When the gene order in 
poplar is compared with that in grapevine, there are two clear dis- 
tributions. First, the grapevine regions align with two poplar seg- 
ments, as would be expected from a recent whole-genome 
duplication (WGD) in the poplar lineage’. Second, each of the three 
grapevine regions that form a homologous triplet recognizes differ- 
ent pairs of poplar segments (Fig. la and Supplementary Fig. 6). This 
shows that the palaeo-hexaploidy observed in grapevine was already 
present in its common ancestor with poplar. 

Poplar belongs to the Eurosid I clade. The sister clade to Eurosid I 
is that of Eurosid II, which contains the model species Arabidopsis. Its 
gene order was compared with that in the grapevine genome. Two 
distributions appear: first, most grapevine regions correspond to four 
Arabidopsis segments (Supplementary Fig. 7); second, each compon- 
ent of a triplicated group in grapevine recognizes four different 
regions in Arabidopsis (Fig. 1b). This shows that the grapevine 
palaeo-hexaploidy was present in the common ancestor to 
Arabidopsis and grapevine, and therefore that it is a trait common 
to all Eurosids. This is confirmed by the homology level distribution 
between paralogues of the grapevine, indicating a lower conservation 
than between Vitis/Arabidopsis orthologues (Supplementary Fig. 4). 
The Eurosid group contains many economically important flowering 
plants such as legumes, cotton and Brassicaceae. Our present results 
establish these species as having a palaeo-hexaploid common 
ancestor. The grapevine/Arabidopsis comparison also reveals that 
the Arabidopsis lineage underwent two WGDs after its separation 
from the Eurosid I clade*!*. This contradicts some models based 
on more indirect evidence that placed the most ancient of these two 
duplications at the base of the Eurosid group, or even earlier*”””. 
Some studies had also suggested a possible third duplication event in 
the distant past of the Arabidopsis lineage, potentially at the base of 
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the angiosperm radiation. The controversy about this third event is 
now resolved by the Vitis genome comparisons: this event corre- 
sponds to the palaeo-hexaploidy formation that remains evident in 
the grapevine genome but has been difficult to characterize in 
Arabidopsis and poplar because of the more recent WGDs. In par- 
ticular, the Arabidopsis genome lineage has undergone many rear- 
rangements and chromosome fusions such that the ancestral gene 
order is particularly difficult to deduce from this species (Fig. 2). 
Grapevines, like Arabidopsis and poplar, are dicotyledonous plants 
that diverged from monocotyledons about 130-240 Myr ago””’. 


Figure 1 | Comparison between three paralogous Vitis genomic regions and 
their orthologues in P. trichocarpa, A. thaliana and O. sativa. Orthologous 
gene pairs are joined with a different colour for each of the three paralogous 
grapevine chromosomes 6 (green), 8 (blue) and 13 (red). a, Orthologous 
regions in the poplar genome are different for each of the three Vitis 
chromosomes, showing that the triplication predates the poplar/Vitis 
separation. One Vitis region recognizes two poplar segments because of a 
WGD in the poplar lineage after the separation. b, Orthologous regions with 
Arabidopsis are different for each of the three Vitis chromosomes. This 
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Because rice is a monocotyledon, we assessed the presence or absence 
of palaeo-hexaploidy in its gnome sequence. The observed pattern is 
the opposite of that seen for Arabidopsis and poplar: constituents of a 
grapevine triplet are generally orthologous to the same group of rice 
regions (Fig. lc and Supplementary Fig. 11). Because rice and grape- 
vine are phylogenetically distant, it is more difficult to detect rela- 
tions of orthology across the two whole genomes: rearrangements, 
duplication and gene loss have affected the gene orders differently in 
the two lineages (Supplementary Fig. 10). Even with this limitation, 
we observed numerous cases of one-to-three relationships between 


shows that the Arabidopsis/Vitis ancestor had the same palaeo-hexaploid 
content. One Vitis region corresponds to four Arabidopsis segments, 
indicating the presence of two WGDs in the Arabidopsis lineage after 
separation from the Vitis lineage. c, Orthologous regions in rice are the same 
for the three paralogous chromosomes. This indicates that the triplication 
was not present in the common ancestor of monocotyledons and 
dicotyledons. The presence in rice of different homologous blocks is due to 
global duplications in the rice lineage after divergence from dicotyledons. 
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Figure 2 | Schematic representation of paralogous regions derived from 
the three ancestral genomes in the karyotypes of V. vinifera, P. trichocarpa 
and A. thaliana. Each colour corresponds to a syntenic region between the 
three ancestral genomes that were defined by their occurrence as linked 
clusters in grapevine, independently of intrachromosomal rearrangements. 
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rice and grapevine (Supplementary Figs 8, 9 and 11); 23% of ortho- 
logous blocks include the paralogous regions that originate from the 
grapevine palaeo-hexaploidy. For Arabidopsis, this number is as low 
as 1.4% (this difference is significant at 5%: 7° = 8.9; Supplementary 
Table 12), despite the fact that the Arabidopsis genome has suffered 
many gene losses since its two WGDs. These gene losses would be 
expected to obscure the orthologous relations with the grapevine 
genome, but they are clearly insufficient to explain the high number 
of one-to-three relationships observed in the rice-grapevine com- 
parison. The most probable explanation for this excess is that the rice 
ancestor did not exhibit the palaeo-hexaploidy observed in the grape- 
vine, poplar and Arabidopsis. 

These findings are summarized in Fig. 3: the triplicated arrange- 
ment is apparent after the separation of the monocotyledons and 
dicotyledons and before the spread of the Eurosid clade. Future gen- 
ome sequencing projects for other clades of dicotyledons, such as 
Solanaceae or basal eudicots, will help in situating the triplication 
event more precisely, and eventually in establishing its precise nature 
(hexaploidization or genome duplications at distant times). 

Public access to the grapevine genome sequence will help in the 
identification of genes underlying the agricultural characteristics of 


Monocotyledons Dicotyledons 
Eurosids | Eurosids II 
O. sativa P. trichocarpa V. vinifera A. thaliana 


Formation of the 
palaeo-hexaploid 
genome 


Flowering plants 


Figure 3 | Positions of the polyploidization events in the evolution of plants 
with a sequenced genome. Each star indicates a WGD (tetraploidization) 
event on that branch. The question mark indicates that ancient events are 
visible in the rice genome that would require other monocotyledon genome 
sequences to be resolved. The formation of the palaeo-hexaploid ancestral 
genome occurred after divergence from monocotyledons and before the 
radiation of the Eurosids. 
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P. trichocarpa A. thaliana 


The V. vinifera genome (a) is by far the closest to the ancestral arrangement, 
whereas that of Arabidopsis (c) is thoroughly rearranged, and P. trichocarpa 
(b) presents an intermediate situation. The seven colours probably 

correspond to linkage groups at the time of the palaeo-hexaploid ancestor. 


this species, including domestication traits. A selective amplification 
of genes belonging to the metabolic pathways of terpenes and tannins 
has occurred in the grapevine genome, in contrast with other plant 
genomes. This suggests that it may become possible to trace the 
diversity of wine flavours down to the genome level. Grapevine is 
also a crop that is highly susceptible to a large diversity of pathogens 
including powdery mildew, oidium and Pierce disease. Other Vitis 
species such as V. riparia or V. cinerea, which are known to be res- 
istant to several of these pathogens, are interfertile with V. vinifera 
and can be used for the introduction of resistance traits by advanced 
backcrosses” or by gene transfer. Access to the Vitis sequence and the 
exploitation of synteny will speed up this process of introgression of 
pathogen resistance traits. As a consequence of this, it is hoped that it 
will also prompt a strong decrease in pesticide use. 

The high quality of the assembly, due mainly to the highly homo- 
zygous nature of the PN40024 line, enables the discovery of three 
ancestral genomes constituting the diploid content of grapevine. The 
Greek historian Thucydides wrote that Mediterranean people began 
to emerge from ignorance when they learnt to cultivate olives and 
grapes. This first characterization of the grapevine genome, with its 
indication of a palaeo-hexaploid ancestral genome for many dico- 
tyledonous plants, addresses fundamental questions related to the 
origin and importance of this event in the history of flowering plants. 
Future work may help in correlating the differential fates of the three 
gene complements with phenotypic traits of dicotyledonous species. 


METHODS SUMMARY 

Gene annotation. Protein-coding genes were predicted by combining ab initio 
models, V. vinifera complementary DNA alignments, and alignments of proteins 
and genomic DNA from other species. The integration of the data was performed 
with GAZE”. Details are given in Supplementary Information. 

Paralogous and orthologous gene sets. Statistical testing of homologous regions 
was performed as described in ref. 21. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Genome sequencing. The V. vinifera PN40024 genome was sequenced with the 
use of a whole-genome shotgun strategy. All data were generated by paired-end 
sequencing of cloned inserts using Sanger technology on ABI3730xl sequencers. 
Supplementary Table 2 gives the number of reads obtained per library. 
Genome assembly and chromosome anchoring. All reads were assembled with 
Arachne’’. We obtained 20,784 contigs that were linked into 3,830 supercontigs 
of more than 2 kb. The contig Nso was 64 kb, and the supercontig Nso was 1.9 Mb. 
The total supercontig size was 498 Mb, remarkably close to the expected size of 
475 Mb. This indicates that the PN40024 has retained few heterozygous regions. 
Remaining heterozygosity was assessed by aligning all supercontigs with each 
other. We first selected the supercontigs more than 30kb in size that were 
covered over more than 40% of their length by another supercontig with more 
than 95% identity. After visual inspection of the alignments, we added to this list 
the supercontigs more than 10 kb in size that aligned at more than 40% of their 
length with supercontigs identified previously. All potential cases were then 
inspected visually to discard potential heterozygous regions (aligning relatively 
homogeneously across their complete length) and retained repeated regions 
(with more heterogeneous alignments). This treatment identified 11 Mb of 
potentially allelic supercontigs. We confirmed that in most cases their coverage 
was about half the average of the homozygous supercontigs. Only one super- 
contig of each allelic pair was therefore conserved in the final assembly, which 
consists of 3,514 supercontigs (Nso=2Mb) containing 19,577 contigs 
(Nso = 66 kb), totalling 487 Mb. If the haploid genome size of 475 Mb is con- 
sidered correct, then our final assembly contains only about 12 Mb of remaining 
heterozygosity, or 2.6%. 

A set of 30,151 bacterial artificial chromosome (BAC) fingerprints of the BAC 

clones of a Cabernet-Sauvignon library” were assembled into 1,763 contigs with 
FPC”, v. 8. In parallel, 1,981 markers were anchored ona subset of BAC clones”’, 
among which 388 markers mapped onto the genetic map, and 77,237 BAC end 
sequences were obtained*'. Blat** alignments (90% identity on 80% of the length, 
fewer than five hits) were performed with BAC end sequences on the 3,830 
supercontigs of sequences with lengths over 2 kb. The results were then filtered 
with homemade Perl scripts to keep only the occurrences in which two paired 
ends were matching at a distance of less than 300 kb and with a consistent 
orientation. Two supercontigs were considered linked to each other if two 
BAC links could be found or one BAC link and a BAC contig link. A total number 
of 111 ultracontigs were constructed with this procedure. 
Genome annotation. Several resources were used to build V. vinifera gene mod- 
els automatically with GAZE**. We used predictions of repetitive regions by 
repeatscout*’, conserved coding regions predicted by the exofish method**”’, 
genewise”® alignments of proteins from Uniprot’’, Geneid** and Snap” ab initio 
gene predictions, and alignments of several cDNA resources (Supplementary 
Information). 

A weight was assigned to each resource to further reflect its reliability and 
accuracy in predicting gene models. This weight acts as a multiplier for the score 
of each information source, before being processed by GAZE. When applied to 
the entire assembled sequence, GAZE predicted 30,434 gene models. 


nature 


Paralogous and orthologous gene sets. We identified orthologous genes in 
six pairs of genomes from four species: A. thaliana, O. sativa, P. trichocarpa 
and V. vinifera. Each pair of predicted gene sets was aligned with the Smith— 
Waterman algorithm, and alignments with a score higher than 300 (BLOSUM62; 
gapo = 10, gape = 1) were retained. Two genes, A from genome GA and B from 
genome GB, were considered orthologues if B was the best match for gene A in 
GB and A was the best match for B in GA. 

For each orthologous gene set with V. vinifera, clusters of orthologous genes 
were generated. A single linkage clustering with a euclidean distance was used to 
group genes. The distances were calculated with the gene index in each chro- 
mosome rather than the genomic position. The minimal distance between two 
orthologous genes was adapted in accordance with the selected genomes. Finally, 
we retained only clusters that were composed of at least six genes for Arabidopsis 
and O. sativa, and eight genes for P. trichocarpa (Supplementary Table 10). 

To validate the clustering quality we used a method described previously*'. For 
each cluster we computed the probability of finding this cluster in the gene 
homology matrix (Supplementary Table 11). This matrix was constructed from 
two compared chromosomes with genes numbered according to their position 
on each chromosome, with no reference to physical distances. 

Paralogous genes were computed by comparing all-against-all of V. vinifera 
proteins by using blastp, and alignments with an expected value of less than 0.1 
were retained and realigned with the Smith—Waterman algorithm”. Two genes A 
and B were considered paralogues if B was the best match for gene A and A was 
the best match for B. Moreover, clusters of paralogous genes were constructed in 
the same fashion as orthologous clusters (Supplementary Table 10). 
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Genetic variation in a human odorant receptor alters 


odour perception 


Andreas Keller’*, Hanyi Zhuang’*, Qiuyi Chi’, Leslie B. Vosshall' & Hiroaki Matsunami?” 


Human olfactory perception differs enormously between indivi- 
duals, with large reported perceptual variations in the intensity 
and pleasantness of a given odour. For instance, androstenone 
(5a-androst-16-en-3-one), an odorous steroid derived from tes- 
tosterone, is variously perceived by different individuals as offens- 
ive (“sweaty, urinous”), pleasant (“sweet, floral”) or odourless'~. 
Similar variation in odour perception has been observed for several 
other odours**. The mechanistic basis of variation in odour per- 
ception between individuals is unknown. We investigated whether 
genetic variation in human odorant receptor genes accounts in part 
for variation in odour perception between individuals”*. Here we 
show that a human odorant receptor, OR7D4, is selectively acti- 
vated in vitro by androstenone and the related odorous steroid 
androstadienone (androsta-4,16-dien-3-one) and does not respond 
toa panel of 64 other odours and two solvents. A common variant of 
this receptor (OR7D4 WM) contains two non-synonymous single 
nucleotide polymorphisms (SNPs), resulting in two amino acid 
substitutions (R88W, T133M; hence ‘RT’) that severely impair 
function in vitro. Human subjects with RT/ WM or WM/ WM geno- 
types as a group were less sensitive to androstenone and androsta- 
dienone and found both odours less unpleasant than the RT/RT 
group. Genotypic variation in OR7D4 accounts for a significant 
proportion of the valence (pleasantness or unpleasantness) and 
intensity variance in perception of these steroidal odours. Our 
results demonstrate the first link between the function of a human 
odorant receptor in vitro and odour perception. 


We investigated the hypothesis that polymorphisms in odorant 
receptors contribute to variability in human odour perception by 
combining a cell-based assay technique to identify active ligands 
for odorant receptors’ with an olfactory psychophysical study of a 
diverse population of human subjects'®. A total of 66 odorants were 
used to measure both odorant receptor responses in vitro and 
psychophysical responses in human subjects, with a focus on odorous 
steroids because the perception of these odours is exceptionally vari- 
able*''. We cloned a panel of 335 putative human odorant receptors, 
representing more than 85% of the odorant receptors with full open 
reading frames, and expressed them in Hana3A cells, an HEK293T- 
derived cell line stably expressing accessory factors for odorant re- 
ceptor expression”’*. We screened for androstenone-mediated 
stimulation with a luciferase reporter’. Among the receptors tested, 
that encoded by OR7D4 showed the strongest responses to andros- 
tenone (Fig. la). Recent expression analysis shows that OR7D4 is 
selectively expressed in human nasal epithelium’’. Several other 
receptors showed smaller responses to androstenone that may be 
relevant in vivo (Supplementary Table 1), but these were not inves- 
tigated further. The failure of a specific odorant receptor to respond 
in this assay must be interpreted with caution because it may reflect a 
failure of the odorant receptor to be functional in the assay rather 
than a lack of sensitivity to the tested odour. 

A search for polymorphisms in OR7D4 in SNP databases and 
sequencing the coding region of OR7D4 in 391 subjects identified 
13 non-synonymous SNPs in this receptor, with four occurring at 
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Figure 1| OR7D4 is selectively activated by androstenone and 
androstadienone. a, Hana3A cell luciferase assays of 335 unique human 
odorant receptors; the concentration of androstenone used was 30 UM. 
Numbers and coloured bars indicate different OR families. b, Allele 


frequencies of common variants. refseq, reference sequence. ¢, OR7D4 RT 
(black columns) and WM (red columns) tested against 66 odours and 2 
solvents (30 1M, or 1/30,000). Normalized responses are shown as means 
and s.e.m. ( = 4). 
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frequencies greater than 1% (Supplementary Table 2). Two non- 
synonymous polymorphisms in complete linkage disequilibrium in 
this population occurred at the highest frequency and led to two 
amino-acid changes (R88W and T133M; Fig. 1b). We refer to the 
most common allele of this receptor, or the reference sequence, as RT, 
and to the other as WM. 

We investigated the ligand specificity of RT and WM receptor 
variants in vitro with a panel of 66 odours and 2 solvents. OR7D4 
RT responds selectively to androstenone and the closely related 
odorous steroid androstadienone but shows no response to any other 
stimuli tested (Fig. 1c, top). OR7D4 WM shows no response to any 
compound at the concentrations tested here (Fig. 1c, bottom). Dose— 
response curves with RT and WM show that the paired SNPs in the 
WM variant, which affect amino acids in extracellular loop 2 and 
intracellular loop 2 (Fig. 2a), severely impair function (Fig. 2b). We 
generated odorant receptors with each of the SNPs and found that 
OR7D4 R88W and OR7D4 T133M retained an intermediate level of 
function, suggesting that both residues are important for OR7D4 
function (Fig. 2b). 

We examined two other SNP variants found at frequencies 
greater than 1%, which led to amino acid changes P79L and S84N, 


as ReswW 
S84N 
P79L 
T133M 
b 3 
6 1.0 EC 55 (UM) 1.0 ECs (uM) 
a + RT 12 *RAT 29 
2 T133M 17 T133M 8.9 
3 » R88W >30 »R88W 10 
4 05 0. 
7 oWM_~ >30 oWM_~ >30 
E 
le) ; _~ 
= 6 04 + — 
0 10-7 106 105 0 107 106 105 
[Androstenone] (M) [Androstadienone] (M) 
¢ oO 
24.0 _EC5o (HM) 1.0 EC (UM) 
S vy Chimp 0.91 ™ | ¥ Chimp 0.10 
¢ 1 S84N 4.2 a S84N 0.52 
2 « AT 12 « AT 3.3 
Bos, °WM~ >30 0.5.°WM~ >30 
N oP79L >30, oP79L >30, 
oO 
E 
6 
2 0 


0 
O 10° 10° 10-7 10-6 105 
[Androstadienone] (M) 


0 108 107 10-6 10-5 
[Androstenone] (M) 


931.0 - 
=s Androstenone 
eee | I aM 
— 
cSRSRS 
anw~DH 
a Zz 
@ kDa & Ss Rg f 
120 peer 
80 ee 
Anti-Rho 60- e 
50 - 2 
40 - (S) 
Anti-GFP Ss 


PE fluorescence 


Figure 2 | Functional characterization of OR7D4 polymorphisms. a, OR7D4 
snake plot with amino acid changes indicated. b, c, Dose-response curves and 
ECs9 values of OR7D4 RT, WM, R88W and T133M (b) and of OR7D4 RT, 
WM, P79L and S84N and chimpanzee OR7D4 (c) to androstenone (left) and 
androstadienone (right). d, Activity of 13 SNP variants compared with that of 
RT and WM variants. In b—d, normalized responses are shown as means 
and s.e.m. (1 = 4-6). e, Western blot analysis of whole-cell lysates from 
HEK293T cells transfected with OR7D4 RT, WM, P79L or S84N and co- 
transfected with green fluorescent protein (GFP). f, Flow cytometry analysis 
of cell-surface OR7D4 RT, WM, P79L and S84N expression as measured by 
intensity of phycoerythrin (PE) signal among GFP-positive cells. 
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respectively (Fig. 1b and 2a). P79L and S84N possess residues R88 
and T133 and are referred to by the single variant residue. Analysis of 
P79L function in vitro showed severely impaired function at all con- 
centrations of either steroidal odour tested (Fig. 2c). In contrast, 
OR7D4 S84N showed remarkable sensitivity to both odours in vitro, 
exceeding the activity of the common RT variant at every concentra- 
tion tested, with a concentration giving half-maximal response 
(ECs9) to androstadienone less than one-fifth of that of the RT vari- 
ant (Fig. 2c).The functional differences between these two variants 
are not due to the amino-terminal epitope tag (Supplementary Fig. 
1). The other non-synonymous substitutions in OR7D4 result in 
varying receptor functions (Fig. 2d). 

OR7D4 is situated in a cluster of seven intact odorant receptor 
genes, but we found that none of the polymorphisms of the six intact 
odorant receptors in the OR7D4 gene cluster showed significant 
linkage with the OR7D4 SNPs (Supplementary Fig. 2a and Supple- 
mentary Table 3). We tested the responses of all the major variants of 
odorant receptors in the OR7D4 cluster and found that none showed 
responses to androstenone and androstadienone exceeding that of 
the impaired WM variant (Supplementary Fig. 2b, c). 

The chimpanzee OR7D4 orthologue differs from the human RT 
reference sequence at five amino acid residues: at the S84N substi- 
tution also found in humans and at four additional non-synonymous 
substitutions not found in humans (V26I, G171V, G227R and 
K232E). A dose-response analysis of the chimpanzee OR7D4 ortho- 
logue in vitro showed robust responses to both steroidal odours, 
exceeding the activity of the human S84N variant (Fig. 2c; compare 
purple and green curves). 

What accounts for the functional differences between OR7D4 var- 
iants? We found no obvious difference in subcellular distribution or 
expression level in permeabilized Hana3A cells expressing RT, WM, 
P79L or S84N (Supplementary Fig. 3). Western blot analysis con- 
firms that all are expressed at comparable levels (Fig. 2e), and RT, 
WM and P79L have similar low levels of surface staining as measured 
by flow cytometry of live cells stained to reveal the N-terminal epi- 
tope (Fig. 2f). S84N showed considerably more surface expression 
(Fig. 2f), suggesting that the increased function of this variant may 
stem from enhanced stability at the cell surface or from enhanced 
cell-surface trafficking. 

We next asked whether variation in OR7D4 is correlated with 
variation in the perception of androstenone and androstadienone 
measured in human subjects. Psychophysical data on 391 subjects 
performing three different tasks were collected: subjects rated the 
perceived intensity and valence of 66 different odours at two con- 
centrations (Supplementary Fig. 4); detection thresholds were mea- 
sured to androstenone and androstadienone in a subset of subjects, 
and to three control odours in all subjects'*’° (Supplementary Fig. 5); 
subjects profiled four odours with 146 semantic labels'®'® (see 
Supplementary Methods). 

Psychophysical data on the subjects were subsequently divided 
according to genotype and assessed for the influence of OR7D4 geno- 
type on perceptual phenotype (Supplementary Table 2). Of the 66 
odours and two solvents rated by RT/RT and RT/WM subjects, only 
androstenone and androstadienone showed a significant effect of 
genotype (Fig. 3a and Supplementary Fig. 6). The steroids were rated 
as less intense by the RT/WM group (Fig. 3a); the proportion of 
RT/WM subjects rating the high concentration of androstenone as 
“extremely weak” was fourfold that of RT/RT subjects (Supplemen- 
tary Fig. 6). This phenotype was specific for these two compounds, as 
the perception of all the other odours was not affected by OR7D4 
genotype (Fig. 3a, b). The significant effect of OR7D4 genotype on 
steroidal odour intensity perception was replicated in both males and 
females (Supplementary Fig. 7) and in the largest racial category, 
Caucasians (Supplementary Fig. 8). Although the WM allele strongly 
affected androstenone intensity perception even in heterozygous 
subjects, the group of WM/WM subjects showed an even stronger 
effect on intensity ratings, rating both steroidal odours as less intense 
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than the group of RT/RT subjects (Fig. 3b). The few subjects among 
our population carrying the less frequent P79L and S84N variants 
were examined, and RT/P79L subjects as a group showed a trend to 
perceive both androstenone and androstadienone as less intense than 
the group of RT/RT subjects (Fig. 3c). Conversely, RT/S84N subjects 
as a group showed a trend to rate both odours as more intense 
(Fig. 3c). However, these differences measured in subjects with the 
rare alleles were not statistically significant. 

Detection thresholds of 121 subjects were determined for both 
steroidal odours (Fig. 3d, e). RT/ WM subjects as a group had a higher 
detection threshold—and were therefore less sensitive—to both 
compounds than the group of RT/RT subjects (Fig. 3d) but had 
normal thresholds to three control odours (data not shown). The 
threshold for androstenone in the RT/WM group was 11-fold, and 
that for androstadienone 16-fold, of that in the RT/RT group. In 
addition, 46% of RT/WM subjects but only 28% of RT/RT subjects 
could not detect the highest concentration of androstenone we pro- 
vided (P< 0.05; a test). Detection thresholds were also obtained 
from the few RT/P79L, WM/ WM, WM/P79L and RT/S84N subjects 
(Fig. 3e and Supplementary Fig. 9). The proportion of RT/P79L 
subjects unable to detect the highest concentration of androstenone 
and androstadienone provided was more than double that of RT/RT 
subjects (P< 0.05; 7° test) (Fig. 3e). It is unclear why the loss of one 
functional allele has such a profound effect on the median detection 
threshold. The same trend was found with the WM/WM and WM/ 
P79L groups (Supplementary Fig. 9), whereas the RT/S84N group 
was more sensitive to both steroids, with lower detection thresholds 
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than the group of RT/RT controls. However, these differences were 
not statistically significant (Fig. 3e). 

We next examined whether variation in OR7D4 affects the percep- 
tion of androstenone and androstadienone odour quality. The RT/ 
WM group rated both steroidal odours as less unpleasant than the 
RI/RT group (Fig. 4a, b and Supplementary Fig. 10), such that the 
proportion of RT/WM subjects rating the high concentration of 
androstadienone as “extremely unpleasant” was less than half of that 
of RT/RT subjects (Supplementary Fig. 10). None of the other 64 
odours or the solvents showed a statistically significant difference 
between the genotypes (Fig. 4a), and the effect was statistically sig- 
nificant for both steroidal odours in both males and females (Sup- 
plementary Fig. 7). The group of subjects carrying the impaired RT/ 
P79L variant showed a trend to rate both androstenone and andros- 
tadienone as less unpleasant than RT/RT controls (Fig. 4c), whereas 
the opposite was found in the RT/S84N group carrying a more sens- 
itive variant of OR7D4 (Fig. 4c); however these differences were not 
statistically significant. 

We asked subjects to assess androstenone odour quality by profil- 
ing this odour with a standard set of 146 semantic descriptors (see 
Supplementary Methods)’®"®. All descriptors used by more than 10% 
of the subjects were analysed and descriptor usage in individuals with 
different genotypes was compared. Of the 74 descriptors used for 
androstenone, pentadecalactone, vanillin and the solvent propylene 
glycol, only five differed significantly by genotype (see Supplemen- 
tary Methods). OR7D4 RT/WM subjects were more likely to rate 
vanillin as smelling “honey”, “sweet” and “vanilla” (Fig. 4d, e), 
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Figure 3 | OR7D4 variation affects androstenone and androstadienone 
intensity perception. a, Differences in median odour intensity ranking of 66 
odours and 2 solvents between OR7D4 RT/WM and RT/RT groups. Data for 
two different odour concentrations were pooled. b, Change in odour 
intensity ranking relative to solvent of four odours for the RT/RT, RT/ WM 
and WM/WM groups (b) and for the RT/RT, RT/P79L and RT/S84N groups 
(c). The whisker plots show the median rank (normalized to the median rank 
of the RT/RT group), the first and third quartile and the upper and lower 
limits. Significance was assessed in a—c with a Mann—Whitney U-test with a 
Bonferroni correction. Before correction: asterisk, P < 0.00073; two 
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asterisks, P< 0.00014; three asterisks, P< 1.47 X 10 °. After correction: 
asterisk, P < 0.05; two asterisks, P< 0.01; three asterisks, P < 0.001. 

d, e, Detection thresholds measured in RT/RT (n = 47) and RT/WM subjects 
(n = 49) (d) and in RT/P79L (n = 12) and RT/S84N (n = 3) subjects 

(e) plotted as the number of subjects detecting the odour at a given binary 
dilution (x-axis concentrations are binned from left to right: the first bar 
represents binary dilution 6, the subsequent 15 bars represent binary 
dilutions 7-21, and the last bar represents dilutions 22-27). Significance was 
assessed with a Mann-Whitney U-test (asterisk, P< 0.05). 
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Figure 4 | OR7D4 variation affects androstenone and androstadienone 
quality perception. a, Differences in median odour valence ranking for the 
same odours and genotypes as in Fig. 3a. b, c, Change in odour valence 
ranking for the same odours and genotypes as in Fig. 3b, c. Significance in 
a-—c was assessed with a Mann-Whitney U-test with Bonferroni correction. 
Before correction: asterisk, P < 0.00073; two asterisks, P< 0.00014; three 
asterisks, P< 1.47 X 10 °. After correction: asterisk, P < 0.05; two asterisks, 
P<0.01; three asterisks, P< 0.001. The whisker plots show the median rank 
(normalized to the median rank of the RT/RT group), the first and third 
quartile and the upper and lower limits. d, e, Odour profiling of vanillin by 
RT/RT (n = 242), RT/WM (n = 96) and WM/WM (n = 10) subjects. Plotted 


42% less likely to consider androstenone “sickening” and 129% more 
likely to rate it as smelling like “vanilla” than RT/RT subjects (Fig. 4f, 
g). There was no effect of OR7D4 genotype on odour profiling of 
pentadecalactone or propylene glycol (data not shown). 

Last, we performed a non-parametric regression analysis'” to 
estimate the fraction of the phenotypic variance in steroid odour 
perception attributable to OR7D4. We found that OR7D4 genotype 
in our population explained 19% and 39% of the variance in the 
valence and intensity ratings of the steroid odours, respectively 
(P< 0.0001; see Supplementary Methods). 

We identify OR7D4 as a significant heritable factor influencing 
androstenone and androstadienone perception, thus providing the 
first reported link between genetic polymorphisms in an odorant 
receptor gene and altered perception of the ligands that activate this 
receptor. As predicted by the theory of combinatorial coding’*, we 
find that polymorphisms in the OR7D4 protein-coding sequence 
alone do not fully account for specific anosmia to androstenone 
and androstadienone. We think it likely that additional human odor- 
ant receptors sensitive to androstenone and androstadienone remain 
to be discovered. 

Previous work indicated that sensitivity to androstenone’””, and 
to several other odours”, is modulated by non-genetic effects such as 
central processing” or peripheral sensitization” that might obscure 
any underlying genetic influences on androstenone perception. 
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are the differences in descriptor usage by genotype of the 23 descriptors used 
for vanillin in more than 10% of sessions (d) and the percentage of sessions 
(with 95% confidence intervals) in which the three descriptors that showed 
significant differences were used (e). f, g, Odour profiling of androstenone 
for the same genotypes as in d and e; 21 descriptors were used in more than 
10% of all sessions, and two descriptors showed significant differences. 
Significance was assessed in d-g with a 7° test with Bonferroni correction. 
Before correction: asterisk, P < 0.0022 (vanillin) and P < 0.0024 
(androstenone); two asterisks, P < 0.0004 (vanillin) and P < 0.0005 
(androstenone). After correction: asterisk, P < 0.05; two asterisks, P < 0.01. 


About half of the subjects initially unable to detect androstenone 
were able to smell this compound after being exposed to androste- 
none daily for six weeks’’. Although it has been assumed that olfact- 
ory induction is a phenomenon that occurs only in individuals with 
specific anosmia to androstenone, more recent studies have found 
that induction of enhanced olfactory sensitivity seems to be a general 
phenomenon affecting several odorants”’. The role of OR7D4 in this 
sensitization can now be tested in subjects chronically exposed to 
androstenone. 

In this study we investigated only the olfactory percept reported 
when odorous steroids were sniffed, but olfactory exposure to 
androstenone and androstadienone has also been shown to induce 
several physiological responses in both men and women”. The 
identification of an odorant receptor gene that is strongly correlated 
with the perception of these odours will permit future analysis of 
olfactory-induced autonomic responses in humans. 


METHODS SUMMARY 

Heterologous expression of human odorant receptors. A total of 423 human 
odorant receptors, including 335 predicted functional receptors, were cloned. 
The chimpanzee OR7D4 orthologue was cloned from chimpanzee genomic 
DNA (Coriell Cell Repositories). Odorant receptors containing the first 20 
amino acids of human rhodopsin” in pCI (Promega) were expressed in the 
Hana3A cell line together with a short form of mRTP1 called RTP1S (M37 to 
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the carboxy-terminal end), which enhances functional expression of the odorant 
receptors'’*. For immunocytochemistry, cells were fixed, permeabilized and 
incubated with monoclonal anti-rhodopsin antibody (4D2; ref. 27), followed 
by Cy3-conjugated donkey anti-mouse IgG (Jackson Immunologicals). For 
fluorescence-activated cell sorting analysis, this antibody was conjugated with 
phycoerythrin. 

Human odorant receptor genotyping and sequencing. Venous blood was col- 
lected from all subjects, and genomic DNA was prepared with the Qiagen 
PAXgene blood DNA kit. Polymorphisms in OR7D4 were assayed by sequencing 
and allele-specific polymerase chain reaction. Polymorphisms in the other odor- 
ant receptors in the same odorant receptor gene cluster as OR7D4 were assayed 
by sequencing only. 

Human olfactory psychophysics. All procedures involving human subjects were 
approved by the Rockefeller University Institutional Review Board. All subjects 
completed two replicates of the test separated by at least 4 days. Odours were 
presented in bar-coded amber vials to ensure that subjects were blind to the 
identity of all odours”*. The intensity and valence of 66 odours at two concen- 
trations (‘high’ and ‘low’) and two solvents was rated on a seven-point scale. 
Thresholds were calculated by using the single-staircase method with seven 
reversals'*!°. Threshold tests included both steroids as binary dilutions from 
1:64 (binary dilution 6) to 1:134,217,728 (binary dilution 27). Odour profiling 
used a previously established method'’*. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Heterologous expression of human odorant receptors. For untagged odorant 
receptor experiments, OR7D4 RT and S84N variants without the Rho tag were 
cloned into pCI. Luciferase assays were performed as described’. Only a single 
variant of each receptor was used in the functional screen, and it is known that 
many human odorant receptor genes are highly polymorphic’. Because of this 
and because we do not know whether each odorant receptor is capable of func- 
tional expression in the cell line used, we cannot exclude the possibility that 
additional human odorant receptors respond to androstenone as strongly as 
OR7D4. For immunocytochemistry, cells were fixed, permeabilized and incu- 
bated with monoclonal anti-rhodopsin antibody, 4D2 (ref. 27), followed by Cy3- 
conjugated donkey anti-mouse IgG (Jackson Immunologicals). Western blot 
analysis was performed in accordance with the Mini-Protean 2 Cell (Bio-Rad) 
protocol. Enhanced chemiluminescence (ECL; Amersham) was used for detect- 
ing proteins on membranes. After the initial exposure, the membrane was incu- 
bated with stripping buffer (25 mM glycine-HCl pH 2, 1% SDS, 25 mM glycine, 
0.036 M HCl, 1% SDS) and incubated with rabbit anti-GFP (Invitrogen). See 
Supplementary Methods for detailed information. 

Odours. All odours were supplied by Sigma-Aldrich, with these exceptions: 
androstadienone (gift from Human Pheromone Sciences, Inc.), banana (Bell 
Flavors and Fragrances), bourgeonal (Biomol), galaxolide (gift from Inter- 
national Flavors and Fragrances) and (R)-carvone (Research Chemical Ltd). 
The same batch and lot of each odour was used for both cell-based analysis 
and human olfactory psychophysics. Detailed information on odours, odour 
concentrations and perceived odour quality is provided in Supplementary 
Tables 4-6. 

Genotyping and sequencing of human odorant receptors. For sequencing, 
human genomic DNAs were amplified, purified and sequenced with a 3100 or 
3730 Genetic Analyser (ABI Biosystems) or by GeneWiz. Detailed methods are 
given in Supplementary Methods. 

Human olfactory psychophysics. All human subjects gave informed consent to 
participate in this study and were tested in a well-ventilated room of the 
Rockefeller University Hospital Outpatient Unit. Normal human subjects were 
pre-screened to exclude pregnant women and those with medical conditions 
causing general impairment of the sense of smell. Of the 412 subjects who 
completed the study, 21 were excluded because of general anosmia (see 
Supplementary Methods). The remaining 391 subjects (210 female, 181 male; 
median age 34 years, age range 19-75 years) were included in the evaluation. 
Detailed methods are given in Supplementary Information. Our smell tests were 
purposely conducted under conditions that would not be expected to induce 
odour sensitivity in our subjects. A given subject sniffed androstenone in only 
two sessions, rather than the dozens of sessions spread over six to eight weeks 
required for sensitization in previous studies’’. A comparative analysis of 
androstenone responses in the first and second visits does not suggest that sub- 
jects became more sensitive through these brief, non-chronic exposures (data 
not shown). 
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Conversion of mature B cells into T cells by 
dedifferentiation to uncommitted progenitors 


César Cobaleda't, Wolfram Jochum? & Meinrad Busslinger’ 


Lineage commitment and differentiation to a mature cell type are 
considered to be unidirectional and irreversible processes under 
physiological conditions’. The commitment of haematopoietic 
progenitors to the B-cell lineage**? and their development to 
mature B lymphocytes*” critically depend on the transcription 
factor encoded by the paired box gene 5 (Pax5). Here we show 
that conditional Pax5 deletion in mice allowed mature B cells from 
peripheral lymphoid organs to dedifferentiate in vivo back to early 
uncommitted progenitors in the bone marrow, which rescued T 
lymphopoiesis in the thymus of T-cell-deficient mice. These 
B-cell-derived T lymphocytes carried not only immunoglobulin 
heavy- and light-chain gene rearrangements but also participated 
as functional T cells in immune reactions. Mice lacking Pax5 in 
mature B cells also developed aggressive lymphomas, which were 
identified by their gene expression profile as progenitor cell 
tumours. Hence, the complete loss of Pax5 in late B cells could 
initiate lymphoma development and uncovered an extraordinary 
plasticity of mature peripheral B cells despite their advanced dif- 
ferentiation stage. 

The B-cell-specific Cd19-cre gene’ efficiently deletes the floxed (fl) 
Pax5 allele only in B cells of peripheral lymphoid organs, which 
facilitated the analysis of Pax5 function in mature B cells of young 
Cd19-cre Pax5'!~ mice‘. In an ageing mouse colony, half of the Cd19- 
cre Pax5"~ mice died within eight months, unlike the Cd19-cre 
Pax5''* mice retaining a functional Pax5 allele (Fig. 1a). All diseased 
Cd19-cre Pax5"’~ mice developed aggressive lymphoma resulting in 
splenomegaly and massively enlarged lymph nodes (Fig. 1b, c) owing 
to diffuse infiltration by lymphoma cells, which were also found in 
many other organs (Supplementary Table 1), including the lung, 
liver, kidney and thymus (Fig. 1d—g). The lymphoma cells could 
readily be established in culture and rapidly developed into second- 
ary lymphomas after transplantation into syngeneic mice (Supple- 
mentary Table 1). Spectral karyotype analysis identified two distinct 
chromosomal translocations in two lymphomas but a normal diploid 
karyotype in seven additional tumours, indicating that a specific 
translocation or high genomic instability is not required for lym- 
phoma development in Cd19-cre Pax5"’~ mice (Supplementary Fig. 
1). Cd19-cre Pax5"'~ Eu-bcl2 mice died after a shorter latency period, 
demonstrating that Bcl2-mediated cell survival cooperates with Pax5 
loss in lymphoma development (Fig. 1a). 

Flow cytometric analysis revealed large blastic Cd19-cre Pax5'/— 
lymphoma cells compared to small quiescent B cells in control 
Cd19-cre Pax5™* lymph nodes (Fig. 1h). The tumour cells failed to 
express the B-cell surface proteins CD19, CD21, CD22, CD23, CD40, 
CD72, immunoglobulin (Ig)D and major histocompatibility com- 
plex class II (Fig. 1h and Supplementary Table 2), all of which are 
also downregulated on conditional Pax5 loss in mature B cells*. 
Consistent with a B-lymphoid origin, all lymphoma cells expressed 


B220 and the immunoglobulin Igy protein (which was part of 
the pre-BCR) in the absence of Igk and IgA expression (Fig. 1h and 
Supplementary Table 2). In addition, the tumour cells expressed the 
early markers CD93 and CD25 together with the signalling receptors 
interleukin (IL)-7Ra, c-Kit and Flt3, which are normally present on 
lymphocyte progenitors (Fig. 1h). Because Fit3 is a repressed Pax5 
target gene”*, its expression indicated that the Cd19-cre Pax5"”” lym- 
phomas may correspond to Pax5-deficient progenitor cell tumours. 
Complementary DNA microarray analysis together with Pax5 geno- 
typing confirmed this hypothesis, because the lymphoma cells were 
indistinguishable from Pax5’ pro-B cells with respect to the tran- 
scription of Pax5-repressed and Pax5-activated genes (Supplemen- 
tary Fig. 2a, b). 

To investigate the stage-specific origin of the Cd19-cre Pax5'/~ 
tumours, we analysed their Igh, Igk and Igl rearrangements by 
polymerase chain reaction (PCR) (Fig. 1i), Southern blotting (Sup- 
plementary Fig. 3), sequencing of individual PCR fragments (Sup- 
plementary Fig. 2c) and PCR with reverse transcription (RT-PCR) of 
rearranged immunoglobulin transcripts (Supplementary Fig. 4). All 
tumours contained a single, in-frame rearranged and expressed Igh 
allele (predominantly containing a VHJ558, also known as Igh-VJ558, 
gene), indicating that the tumours were of clonal origin. Most 
tumours also carried an in-frame rearranged Igk or Igl allele. It is 
unlikely that these rearrangements arose in pro-B cells undergoing 
Pax5 deletion, because Pax5-deficient pro-B cells are unable to gene- 
rate VHJ558-DJH and V«—J« rearrangements”"®. Instead, late pre-B 
cells correspond to the first developmental stage carrying functional 
immunoglobulin heavy- and light-chain gene rearrangements. We 
therefore conclude that the progenitor cell lymphomas in Cd19-cre 
Pax5'’~ mice must originate at least from late pre-B cells or, more 
probably, from immature or mature B cells. 

To demonstrate developmental plasticity of mature B cells in the 
absence of oncogenic events, we used an experimental strategy that 
relied on the isolation of highly purified Pax5-deleted mature B cells. 
Pax5 deletion was achieved either in vivo with Cd19-cre or in vitro 
with the CreED-30 transgene encoding a hormone-inducible Cre- 
oestrogen receptor fusion (Cre-ER) protein''. Before the isolation 
of mature B cells, the CreED-30 Pax5™" Eu-bel2 Ly5.2* mice (used 
for in vitro Pax5 deletion) and Cd19-cre Pax5"’~ Eu-bcl2 Ly5.2* mice 
(used for in vivo Pax5 deletion) were repeatedly injected with anti-IL- 
7Ra antibody to block B-cell development”, thus eliminating con- 
taminating precursor and immature B cells in peripheral lymphoid 
organs (Supplementary Fig. 5). Subsequently, Lin IgM*IgD™®" 
mature B cells were FACS-sorted with a purity of >99% from the 
spleen or lymph nodes of CreED-30 Pax5‘" Eu-bcl2 Ly5.2* mice 
(Fig. 2a and Supplementary Fig. 6a). The isolated B cells were treated 
in vitro for 40 h with 4-hydroxytamoxifen (OHT) to delete the floxed 
Pax allele before injection into Rag?’ Ly5.1* mice (Fig. 2a). In vivo 
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Pax5-deleted mature B cells were purified as Lin’CD25 ‘IgM ‘IgD™ 
cells‘ from the lymph nodes of Cd19-cre Pax5'!~ Eu-bcl2 Ly5.2* mice 
(Supplementary Fig. 6b) followed by transplantation into Rag2”~ 
Ly5.1° mice (Fig. 2a). The allogeneic markers Ly5.1 and Ly5.2 were 
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Figure 1| Development of aggressive progenitor cell lymphomas on Pax5 
loss in B lymphocytes. a, Kaplan—Meyer survival analysis of mice of the 
indicated genotypes. The number (7) of mice analysed is shown. b, Enlarged 
lymph nodes (arrowheads) in a Cd19-cre Pax5"~ tumour mouse. ¢, Size 
comparison of lymph nodes from a Cd19-cre Pax5‘- tumour mouse (right) 
and a control littermate (left). d-g, Eosin—haematoxylin-stained sections of 
the lung (d), liver (e), kidney (f) and thymus (g) of a Cd19-cre Paxs/- 
tumour mouse. The infiltration patterns of all tumour mice are shown in 
Supplementary Table 1. h, Flow cytometric analysis of lymph node cells of a 
Cd19-cre Pax5"~ tumour mouse and a control Cd19-cre Pax5’* littermate. 
Cells within the forward and side scatter (FSC/SSC) gates (blue) were 
analysed. The entire immunophenotype of Cd19-cre Pax5~ tumour cells is 
summarized in Supplementary Table 2. i, PCR analysis of VHJ558—DJn, 
VJ and VA1-JX rearrangements in tumour-infiltrated lymph nodes of 
Cd19-cre Pax5"~ mice. Rearrangements to all JH and Jx segments 
(numbered) were detected in splenic B cells. The detailed characterization of 
the different immunoglobulin gene rearrangements by cloning and 
sequencing is summarized in Supplementary Fig. 2c. 
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used to discriminate haematopoietic cells of host (Ly5.1*) and donor 
(Ly5.2~) origin in the reconstituted mice. 

Eight weeks after transplantation, Ly5.2* c-Kit*B220* pro-B cells 
of donor origin could be detected in the bone marrow of the 19 mice 
analysed, regardless of whether these mice were injected with in vitro 
or in vivo Pax5-deleted mature B cells (Fig. 2b). These Ly5.2*c- 
Kit*B220* pro-B cells were identified as Pax5-deficient progenitors, 
because they did not express the Pax5 target gene Cd19 (ref. 13) 
(Fig. 2b). Mature splenic B cells purified from control Pax5”!" Ey- 
bcl2 Ly5.2* mice (lacking CreED-30) or CreED-30 Pax5™" Ly5.2* 
mice (lacking Eu-bcl2) failed to give rise to Ly5.2~ pro-B cells in 
seven and four injected Rag?“ Ly5.1* recipients, respectively (data 
not shown). Hence, mature B cells require Pax5 inactivation as well as 
prolonged cell survival to be able to dedifferentiate to progenitor cells 
in vivo. The requirement of transgenic Bcl2 expression is consistent 
with a slow dedifferentiation process, because in vitro Pax5-deleted B 
cells labelled with carboxyfluorescein succinimidyl ester could still be 
detected as CD19TIgM ‘IgD*c-Kit” B lymphocytes in the spleen of 
Rag2’~ Ly5.1* mice one week after injection (Supplementary Fig. 7). 

The Ly5.2* c-KitB220* CD19" pro-B cells isolated from the bone 
marrow of reconstituted mice could be cultured under lymphoid 
conditions as uncommitted progenitors that were able to differenti- 
ate in vitro into macrophages after IL-7 withdrawal and addition of 
macrophage-colony-stimulating factor (Supplementary Fig. 8a—c). 
Eight weeks after transplantation of Pax5-deleted B cells, myeloid 
Ly5.2*Macl*Grl~ cells of donor origin could also be detected in 
the spleen of four of the 12 mice analysed (Supplementary Fig. 8d), 
in agreement with the inefficient in vivo myeloid differentiation of 
Pax5‘~ pro-B cells". 

In contrast, all Rag?" Ly5.1* mice showed robust reconstitution 
of T-cell development after transplantation with in vitro or in vivo 
Pax5-deleted B cells (Fig. 2b and Supplementary Fig. 9), consistent 
with the fact that Pax5-deficient progenitors from the bone marrow 
efficiently seed the thymus to initiate T lymphopoiesis’. Within 
2-3 months, donor-derived Ly5.2* T cells restored the thymic cel- 
lularity to one-third of that of wild-type mice (Fig. 3c), revealed a 
normal distribution of CD4 CD8  (double-negative), CbD4*CD8* 
(double-positive), cpD4* (single-positive) and CD8* (single- 
positive) T cells (Fig. 2b and Supplementary Fig. 9) and carried 
polyclonal T-cell receptor-B gene (Tcrb) rearrangements like normal 
T cells (Fig. 3a, b and Supplementary Fig. 10). PCR analysis of Igh, Igk 
and Ig] rearrangements confirmed the B-cell origin of the Ly5.2* 
thymocytes (Fig. 3a, b). In contrast to wild-type T cells, the sorted 
Ly5.2* double-positive thymocytes carried oligoclonal VH—DJH re- 
arrangements of distinct Igh VH gene families in addition to Vk—J« 
and VA—JA rearrangements (Fig. 3a, b and Supplementary Table 3). 

PCR analysis revealed a similar oligoclonality of the immuno- 
globulin gene rearrangements in Ly5.2* pro-B cells from the bone 
marrow of reconstituted mice (Supplementary Fig. 11), which fur- 
ther identified the dedifferentiation of Pax5-deleted mature B cells to 
uncommitted progenitors as the rate-limiting step. Serial trans- 
plantation experiments demonstrated that the Ly5.2* pro-B cells 
isolated from a primary reconstituted Rag?’ Ly5.1* mouse homed 
back to the bone marrow and reconstituted T-cell development in the 
thymus and spleen after injection into secondary Rag?" cy“ reci- 
pients (Supplementary Fig. 12). These serial transplantation data and 
the normal developmental progression of T lymphopoiesis in recon- 
stituted Rag?” mice rule out transdifferentiation as a mechanism for 
the conversion of mature B cells into T cells. Instead, the loss of Pax5 
allows mature B cells to develop into T cells in the thymus by de- 
differentiation to an uncommitted progenitor cell stage in the bone 
marrow. 

Double-positive thymocytes of reconstituted Rag?’ mice exhi- 
bited a normal proliferation response and cytokine production on 
appropriate stimulation (Supplementary Fig. 13). To study the 
in vivo immune response of B-cell-derived T cells, we used Tera’ 
mice’ as recipients for the injection of in vitro Pax5-deleted mature 
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B cells (Fig. 4a). Eight weeks after transplantation, the reconstituted 
Tcra’ mice were immunized with sheep red blood cells, and the 
germinal-centre reaction was investigated by flow cytometric and 
immunohistochemical analyses of the spleen ten days after immun- 
ization (Fig. 4b, c). In contrast to the lymphopenic Rag2”~ mice, the 
Tcra’- mice have normal B-cell compartments and an almost nor- 
mal thymic cellularity, because they only fail to develop CD4 and 
CD8 single-positive T cells'°. Owing to the absence of TCR-* T cells 
in the spleen, the Tcra’’ mice are unable to generate germinal centres 
and PNA“ Fas* germinal-centre B cells in response to immunization 
(Fig. 4b, c). In contrast, the spleen of the reconstituted Tcra’” mice 
contained polyclonal TCR-B* T cells (Fig. 4b) carrying wild-type 
Tcra and deleted Pax5 alleles (Supplementary Fig. 14). These 
donor-derived T cells efficiently induced the development of ger- 
minal centres and PNA*Fas* germinal-centre B cells (Fig. 4b, c), 
indicating that the B-cell-derived T cells are fully functional. 
Ectopic expression of lineage-specific transcription factors can 
convert one cell type into another, as documented by the in vitro 
transdifferentiation of B lymphocytes into macrophages in response 
to retroviral expression of the CCAAT/enhancer-binding protein-« 
(ref. 16). Moreover, forced expression of the transcription factors 
Oct3/4, Sox2, c-Myc and KIf4 is sufficient to transdifferentiate mouse 
fibroblasts in vitro into germline-competent embryonic stem 
cells’”'*. In contrast to these gain-of-function experiments, we have 
demonstrated that the loss of a single transcription factor, Pax5, 
allows mature B cells to dedifferentiate in vivo to uncommitted 
haematopoietic progenitors and to develop into progenitor cell lym- 
phomas. Pax5 inactivation also induces the dedifferentiation of com- 
mitted pro-B cells, which have entered the B-cell lineage for only one 
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Figure 2 | T-cell reconstitution by Pax5-deleted mature B cells in Rag2“~ 
mice. a, Experimental strategy. IgM*IgD~ Lin’ B cells from the spleen or 
lymph nodes of CreED-30 Pax5"" Ey.-bcl2 Ly5.2* mice were purified by 
FACS sorting (reanalysis shown) and incubated in vitro with OHT for 40h 
before injection into sublethally irradiated Rag?" Ly5.1* mice. Deletion 
(A) of the floxed (fl) Pax5 allele is shove b, Flow cytometric analysis of the 
bone marrow and thymus of Rag?" Ly5.1~ recipient mice eight weeks after 
transplantation of in vitro or in vivo Pax5-deleted mature B cells. Ly5.2 and 


LETTERS 


or two days’’. In marked contrast, the mature B cells passed several 
B-cell developmental checkpoints, migrated to peripheral lymphoid 
organs, are quiescent and, owing to their longevity, are three to 
fivemonths old*®*'. Despite their advanced differentiation stage, 
mature B cells retain an extraordinary developmental plasticity, as 
revealed by their dedifferentiation potential on Pax5 loss. Under 
physiological conditions, Pax5 and its transcription programme 
are downregulated during terminal differentiation of mature B cells 
to plasma cells’”*, which is initiated in response to antigen stimu- 
lation of the BCR”*. Hence, the loss of Pax5 in the context of strong 
BCR signalling results in forward differentiation of mature B cells 
to plasma cells, whereas Pax5 inactivation in the absence of BCR 
signalling initiates the reversal of differentiation to uncommitted 
progenitors. 

Chromosomal translocations implicated PAX5 as an oncogene in 
the generation of human acute lymphoblastic leukaemias and non- 
Hodgkin’s lymphomas’. A genome-wide analysis revealed mono- 
allelic loss or point mutations of PAX5 in 32% of B-progenitor acute 
lymphoblastic leukaemias”. These genetic lesions result in haploin- 
sufficiency, suggesting that heterozygous PAX5 mutations contribute 
to leukaemogenesis”*. Our results indicate, however, that the inac- 
tivation of one Pax5 allele in the absence of other oncogenic lesions is 
not sufficient to induce tumour development in heterozygous Cd19- 
cre Pax5"* mice. Instead, the complete loss of Pax in B cells leads to 
an aggressive progenitor cell lymphoma. The Pax5-deficient progen- 
itor cell state probably contributes to lymphomagenesis, because 
Pax5”~ pro-B cells retain an extensive in vivo self-renewal potential” 
similar to stem cells’ and cancer stem cells**. Our loss-of-function 
experiments thus identified Pax5 as a tumour suppressor gene of the 
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CD19 expression is shown for the gated B220* c-Kit™ pro-B cells in the bone 
marrow (upper panels). The thymic cellularity and Ly5.2 expression of all 
thymocytes is shown together with the CD4 and CD8 expression pattern of 
gated Ly5.2~ thymocytes (lower panels). The analysis of all reconstituted 
mice is shown in Supplementary Fig. 9. Mio, millions of cells. c, Restoration 
of thymic cellularity in reconstituted Rag?" mice. The average (+ s.d.) 
cellularity and number (1) of mice analysed are indicated. 
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Figure 3 | Immunoglobulin gene rearrangements in thymocytes of 
reconstituted Rag2” mice. PCR detection of immunoglobulin gene 
rearrangements in Ly5.2* CD4* CD8* (double-positive) thymocytes, which 
were sorted 8-12 weeks after transplantation of Rag? Ly5.1° recipient 
mice with in vitro Pax5-deleted mature B cells (a) or in vivo Pax5-deleted 
mature B cells (b). Oligoclonal Ve—DJu, V«—J« and VA1-JA rearrangements 
were detected in Ly5.2~ double-positive thymocytes in addition to 
polyclonal VB14-JB2 rearrangements. B220* splenocytes (B) and double- 
positive thymocytes (T) from Pax5'" mice were used as controls. Numbers 
indicate rearrangements involving different JB2, JH or Jk segments. PCR 
genotyping revealed full conversion of the fl to the A Pax5 allele in all Ly5.2~ 
thymocytes. The Pax5 mutant (—) germline allele is indicated. The 
VuGam3.8, VHQ52 and VH7183 genes are also known as Igh- VGAM3.8, Igh- 
VQ52 and Igh-V7183, respectively. 


B-lymphoid lineage. Hence, Pax5 can function as a tumour sup- 
pressor or oncoprotein in the generation of different lymphoid 
malignancies in analogy to a similar dual role of Notch] (refs 27, 
28) and c-Fos”? in the development of distinct cancers. 


METHODS SUMMARY 

Mice. All mouse strains (see Methods) were maintained on the C57BL/6 
background. 

Tumour analysis. Organs were fixed in 4% formaldehyde followed by paraffin 
embedding, sectioning and staining with haematoxylin and eosin. Lymph node 
tumour cells were cultured with y-irradiated stromal (ST2) cells, IL-7, Flt3L and 
stem cell factor before injection into syngeneic mice. 

In vitro Pax5-deleted mature B cells. CreED-30 Pax5™" Ey-bel2 Ly5.2* mice 
were injected 5-7 times with the anti-IL-7Ro. antibody A7R34, and Lin* non-B 
cells were removed from splenocytes or lymph node cells by magnetic cell sorting 
(MACS) after staining with lineage marker antibodies (CD3e, CD4, CD8a, 
CD11c, CD49b, CD93, Grl, c-Kit, Macl, TCR-B, Ter119 and Thy1.2). After 
FACS sorting, the Lin IgM*IgD™2” B cells were incubated in vitro with the 
oestrogen analogue OHT to delete the floxed Pax5 alleles by the OHT-induced 
Cre-ER activity (CreED-30). 

In vivo Pax5-deleted mature B cells. Lymph-node cells from anti-IL-7Re anti- 
body-treated Cd19-cre Pax5"!~ Bu-bel2 Ly5.2* mice were depleted of Lin* non-B 
cells with a similar lineage antibody cocktail before sorting of Pax5-deficient 
mature B cells as Lin CD25*IgM*IgD™ cells’. 
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Figure 4 | Normal immune function of B-cell-derived T cells. a, Schematic 


diagram of the reconstitution and immunization of Tcra’ mice with sheep 
red blood cells. b, Flow cytometric analysis of splenocytes from mice of the 
indicated genotypes ten days after immunization with sheep red blood cells. 
c, Formation of germinal centres in the same immunized mice shown in 

b. Cryosections of the spleen were stained with fluorescein isothiocyanate 
(FITC)-anti-IgD antibody (blue) and biotinylated peanut haemagglutinin 
(PNA, brown) followed by detection with an alkaline phosphatase-coupled 
anti-FITC antibody (visualized with Fast Blue) and horseradish peroxidase- 
conjugated streptavidin (visualized with diaminobenzidine), respectively. 


B-cell transplantations. In vitro Pax5-deleted B cells (2-4 X 10° cells per mouse) 
or in vivo Pax5-deleted B cells (5 X 10° cells per mouse) were intravenously 
injected into 8-12-week-old Rag?“ Ly5.1* or Tcra~“~ recipient mice that were 
y-irradiated with a sublethal dose (4 Gy). 

V(D)J recombination. Igh, Igk, Igl and Tcrb rearrangements were amplified by 
PCR using the primers listed in Supplementary Table 4. To characterize indi- 
vidual V—-(D)] rearrangements, the PCR fragments were cloned, and at least ten 
clones corresponding to the same PCR fragment were sequenced. 
Immunizations. Sheep red blood cells (1-2 x 10° cells) were intraperitoneally 
injected into control or reconstituted Tcra’” mice. Ten days later, the spleen was 
analysed by flow cytometry and immunohistochemistry’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice. The following mice were maintained on the C57BL/6 background and 
genotyped as described: Pax5*’~ (ref. 31), Paxs4 (ref. 4), Raga’ (ref. 32), 
Tera’ (ref. 15), Cd19"”* (ref. 33), CreED-30 (ref. 11) and Ep-bcl2-36 
(ref. 34). Heterozygous Cd19°’* mice are referred to as Cd19-cre mice in this 
manuscript. All mice were Ly5.2* except for the Rag? Ly5.1* mice, which were 
obtained from Taconic (000461-M). 

FACS sorting and analysis. FITC-, phycoerythrin (PE)- or allophyocyanin 
(APC)-coupled antibodies to the following cell-surface proteins were used for 
flow cytometry: cell-surface protein B220 (antibody RA3-6B2), CD3e (145- 
2C11), CD4 (H129.19), CD8a (53-6.7), CD11b (also known as Macl, CD11b/ 
Macl) (M1/70), CD11c (HL3), CD19 (1D3), CD21 (7G6), CD22 (Cy34.1), 
CD23 (B3B4), CD25 (PC61), CD40 (FGK45.5 or 3/23), CD49b (DX5), CD72 
(K10.6), CD90.2/Thyl.2 (53-2.1), CD93/AA4.1 (PB.493), CD95/Fas (Jo2), 
CD117/c-Kit (2B8), CD127/IL-7Ro (A7R34), CD135/Flt3 (A2F10.1), CD138 
(281-2), F4/80 (CI:A3-1), Grl (RB6-8C5), IgD (1.19), Igk (187.1), Iga (R26- 
46), IgM (M41-42), Ly5.1 (A20), Ly5.2 (104), M-CSFR (macrophage-colony- 
stimulating factor receptor) (AFS98), MHCII (M5-114), pre-BCR (SL156), 
TCR-B (H57-597) and Terll9 (TER-119). FITC-labelled PNA (Vector 
Laboratories) was used for staining of germinal-centre B cells. Red blood cells 
were eliminated from splenocytes by lysis in 150 mM NH, Cl and 10 mM KHCO3 
for 5min at 22°C. Antibody staining and washing of single-cell suspensions 
were done in phosphate buffered saline solution (PBS) containing 2% heat- 
inactivated fetal calf serum (FCS). Unspecific antibody binding was suppressed 
by preincubation of cells with CD16/CD32 Fc-block solution (BD Pharmingen). 
For all analyses, a forward and side scatter gate was used to include viable cells 
while excluding dead cells, debris and cell doublets. If possible, dead cells were 
also eliminated by staining with propidium iodide (1 pg ml"'). A FACSAria cell 
sorter (Becton-Dickinson) was used to purify the different B- and T-cell types. 
Anti-IL-7Ra antibody treatment. The purified anti-IL-7Ra antibody A7R34 
(1 mg in 150 pl PBS) was injected into the tail vein of CreED-30 Pax5"" Ey- 
bcl2 Ly5.2* and Cd19-cre Pax5"~ Eu-bel2 Ly5.2* mice at the age of 6-8 weeks. 
This injection was repeated every second day during 8-12 days (5-7 injections 
per mouse), which blocked B-cell development leading to the loss of pro-B, pre- 
B and immature B cells in the bone marrow and spleen (Supplementary Fig. 5). 
Mature B cells were sorted two days after the last injection. 

In vitro deletion of Pax5 in sorted mature B cells. Single-cell suspensions of the 
spleen or lymph nodes from anti-IL-7Ro antibody-treated CreED-30 Pax5"!" 
Eu-bel2 Ly5.2* mice were stained with PE-coupled lineage marker antibodies 
(CD3e, CD4, CD8a, CD11c, CD49b, CD93, Grl, c-Kit, Macl, TCR-B, Ter119 
and Thyl.2), and the Lin* non-B cells and traces of residual CD93~* B-cell 
precursors were eliminated by MACS with anti-PE beads (Miltenyi Biotec). 
Mature B cells were then FACS-sorted as Lin IgM*Igp™ cells after staining with 
FITC-anti-IgM and APC-anti-IgD antibodies. Flow cytometric reanalysis of 
the sorted mature B cells revealed a purity of more than 99% (Fig. 2a and 
Supplementary Fig. 6a). The purified B cells were subsequently incubated for 
40h in Iscove’s modified Dulbecco’s medium supplemented with 10% FCS, 
50 uM B-mercaptoethanol, 1mM glutamine and 1 4M OHT (Sigma). Deletion 
of the floxed Pax5 allele by the OHT-induced activity of the Cre-ER fusion protein 
(encoded by the CreED-30 transgene) was verified by PCR genotyping’ before 
transplantation of the Pax5-deleted mature B cells. 

FACS sorting of in vivo Pax5-deleted mature B cells. Lymph node cells from 
anti-IL-7Ro antibody-treated Cd19-cre Pax5!’~ Ey-bel2 Ly5.2* mice were 
stained with biotinylated lineage marker antibodies (CD3e, CD4, CD8a, 
CD11c, CD49b, Grl, c-Kit, Macl and Terl19), and Lin* non-B cells were 
depleted by magnetic cell sorting with streptavidin MACS beads (Miltenyi 
Biotec). Pax5-deficient mature B cells were sorted as Lin’CD25 *IgM*IgD" cells‘ 
after staining with cychrome-anti-CD25, PE-anti-IgM and APC-anti-IgD anti- 
bodies in combination with PE-Cy7-streptavidin staining of the Lin* non-B 
cells. Flow cytometric reanalysis of the sorted Pax5-deficient B cells indicated a 
purity of more than 95% (Supplementary Fig. 6b). 

Transplantations of mature Pax5-deleted B cells. In vitro Pax5-deleted mature 
B cells were washed in PBS and injected into the tail vein of 8—12-week-old 
Rag2’ Ly5.1* or Tcra’ recipient mice (2-4 X 10° cells per mouse) that had 
been y-irradiated with a sublethal dose (4 Gy) one day previously. In vivo Pax5- 
deleted mature B cells were similarly injected into Rag?“ Ly5.1* mice 
(5 X 10° cells per mouse). The drinking water for all reconstituted mice con- 
tained 1.14 gl"! neomycin. 

Sorting of donor-derived pro-B and T cells. Dedifferentiated pro-B cells of 
donor origin were sorted from the bone marrow of transplanted Rag? 
Ly5.1* mice as Ly5.2*CD19-B220*c-Kit™ cells after staining with FITC-anti- 
Ly5.2, PE-anti-CD19, PE-Cy5-anti-B220 and APC-anti-cKit antibodies. 
Donor-derived double-positive thymocytes were sorted from the thymus of 
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transplanted Rag?’ Ly5.1* mice as Ly5.2*CD4*CD8a‘" cells after staining with 
FITC-anti-Ly5.2, PE—anti-CD4 and APC-anti-CD8a antibodies. 

V(D)J recombination analysis. Sorted cells as well as tumour cells were digested 
with proteinase K, and DNA was isolated by phenol extraction and ethanol 
precipitation. V(D)J rearrangements of the Igh, Igk, Igl and Tcrb loci were amp- 
lified by PCR using published primers’**~” as well as newly designed VB gene 
primers, which are listed in Supplementary Table 4. PCR products were sepa- 
rated on agarose gels and visualized by ethidium bromide staining except for the 
data shown in Supplementary Fig. 10, which were obtained by Southern blotting 
using a germline PCR fragment (amplified with the DB2 and JB2 primers, 
Supplementary Table 4) as a DNA probe. To determine the DNA sequences of 
individual V—(D)J rearrangements, the PCR fragments were isolated from the 
agarose gel and cloned into the pGEM-Teasy vector (Promega); the DNA inserts 
of at least ten clones corresponding to the same PCR fragment were then 
sequenced. 

RT-PCR analysis of rearranged immunoglobulin gene transcripts. RNA was 
prepared from in vitro grown Pax5“/~ tumour cell lines using the TRIzol reagent 
(GIBCO-BRL), and was then treated with DNase I (Promega) to remove con- 
taminating DNA. Complementary DNA was synthesized with random hexamers 
and superscript II reverse transcriptase (Invitrogen). Rearranged immuno- 
globulin transcripts were amplified by PCR using the primers listed in 
Supplementary Table 5. The PCR products were separated on agarose gels and 
visualized by staining with ethidium bromide. 

Microarray analysis. For microarray analysis, total RNA (3-5 jig) prepared from 
Pax5*’* pro-B cells was used to generate a Cy3-labelled cDNA probe by oligo- 
dT,;-primed reverse transcription in the presence of Cy3—-dUTP. Likewise, total 
RNA from Pax5~“ pro-B cells, Pax5" Rag? pro-B cells or Paxs™ ~ lymph node 
tumours were used to generate Cy5-labelled cDNA probes by reverse transcrip- 
tion in the presence of Cy5-dUTP. The Cy3- and Cy5-labelled probes were 
hybridized to the mouse ‘lymphochip’**, which was scanned using a GenePix 
4000 Scanner (Axon Instruments Inc.). The scanned data were evaluated with the 
GenePix Pro 5 chip software. 

Intracellular cytokine and Foxp3 staining. Thymocytes were resuspended in 
RPMI 1680 medium (containing 10% FCS and 1 mM glutamine) at a concen- 
tration of 4 10° cellsml' and incubated for 6h in the presence of PMA 
(20 ng ml, Sigma), ionomycin (1 1M, Invitrogen) and brefeldin A (0.01%, 
BD PharMingen). The cells were then washed, incubated with CD16/CD32 
Fc-block solution (PD PharMingen) and stained with FITC-anti-TCR-B, PE— 
Cy5-anti-CD4 and APC-anti-CD8a antibodies. After washing, the cells were 
fixed with 4% formaldehyde in PBS, permeabilized with the Perm/Wash solution 
(BD Biosciences) and stained with PE—anti- TNFa (MP6-XT22) or anti-IL-2 
(JE56-5H4) antibodies before flow cytometric analysis. PE-labelled rat IgG] 
(R3-34) and IgG2b (A95-1, BD PharMingen) were used as negative isotype 
controls. The expression of Foxp3 was similarly analysed by intracellular staining 
of thymocytes using the PE-anti-Foxp3 (FJK-16s) antibody of the PE-anti- 
mouse/rat Foxp3 staining kit from eBiosciences. 

T-cell proliferation assay. An anti-CD3e antibody (2C11) was used at a con- 
centration of 100 jg ml in PBS to coat 96-well plates (50 pil well”) for 90 min at 
37 °C followed by two washes with PBS. Thymocytes, which were resuspended at 
10° cells ml in RPMI 1680 medium (containing 10% FCS and 1mM gluta- 
mine), were seeded into the coated 96-well plates (2 X 10° cells well”!), and 
RPMI 1680 culture medium containing 51g ml" of the anti-CD28 antibody 
37.51 was added to the wells. Culture medium without antibody was added to 
control wells lacking any coating. The cells were incubated for 4—7 days, and their 
proliferation was measured by thymidine incorporation after *H-thymidine 
addition for the last 24h. 

Immunization and germinal-centre analysis. Sheep red blood cells were 
washed in PBS and resuspended at 1-2 X 10” cells ml! followed by intraperito- 
neal injection of 100 ul into control mice or Tcra’ mice, which had been 
transplanted with in vitro Pax5-deleted mature B cells eight-weeks before. 
Ten days after immunization, the spleens were isolated, embedded in OCT com- 
pound (Sakura) and snap-frozen on dry ice. Cryosections of the spleen were 
stained with a FITC-anti-IgD antibody (11-26c.2a, BD PharMingen) and bio- 
tinylated PNA (B-1075, Vector Laboratories). FITC—anti-IgD was detected with 
an alkaline-phosphatase-coupled anti-FITC antibody (Roche), which was visua- 
lized by incubation with Fast Blue (Sigma). Biotinylated PNA was detected with 
horseradish peroxidase-conjugated streptavidin (Zymed) followed by incuba- 
tion with diaminobenzidine (DAB; Sigma). 

In vitro culture of tumour and pro-B cells. Transformed cells isolated from 
Cd19-cre Pax5"- lymph node tumours were cultured on y-irradiated ST2 feeder 
cells in Iscove’s modified Dulbecco’s medium containing 2% heat-inactivated 
FCS, 0.03% (w/v) primatone RL (Quest International), 1 mM glutamine, 50 mM 
B-mercaptoethanol, 1% supernatant of IL-7-secreting J558L cells, 2.5% 
supernatant of Flt3L-producing SP2.0 cells and 2% supernatant of stem cell 
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factor-secreting CHO cells. Ly5.2*c-Kit"B220*CD19" pro-B cells were sorted 
from the bone marrow of Rag?“ Ly5.1* mice transplanted with in vitro Pax5- 
deleted mature B cells and were grown under the same conditions described 
above for the tumour cells. 

Spectral karyotype analysis. Exponentially growing Pax5“/~ tumour cells were 
incubated for 5h with 50 nM colcemid (Karyo-Max, GIBCO-BRL) in the 
absence of ST2 feeder cells. Metaphase chromosome spreads, prepared according 
to standard protocols”, were hybridized using a SkyPaint DNA kit (Applied 
Spectral Imaging) according to the manufacturer’s instructions. Spectral images 
were recorded and analysed using an interferometer and software from Applied 
Spectral Imaging*’. 

Histological analysis. Organs of moribund Cd19-cre Pax5"”” mice were fixed at 
4°C overnight with 4% formaldehyde in PBS followed by paraffin embedding, 
sectioning and staining with haematoxylin and eosin. 
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IgH class switching and translocations use a robust 
non-classical end-joining pathway 
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Immunoglobulin variable region exons are assembled in deve- 
loping B cells by V(D)J recombination. Once mature, these cells 
undergo class-switch recombination (CSR) when activated by 
antigen. CSR changes the heavy chain constant region exons 
(CH) expressed with a given variable region exon from Cp to a 
downstream Cu (for example, Cy, Ce or Ca), thereby switching 
expression from IgM to IgG, IgE or IgA. Both V(D)J recombina- 
tion and CSR involve the introduction of DNA double-strand 
breaks and their repair by means of end joining'”. For CSR, 
double-strand breaks are introduced into switch regions that flank 
Cp and a downstream Cu, followed by fusion of the broken switch 
regions’. In mammalian cells, the ‘classical’ non-homologous end 
joining (C-NHEJ) pathway repairs both general DNA double- 
strand breaks and programmed double-strand breaks generated 
by V(D)J recombination”’. C-NHEJ, as observed during V(D)J 
recombination, joins ends that lack homology to form ‘direct’ 
joins, and also joins ends with several base-pair homologies to 
form microhomology joins**. CSR joins also display direct and 
microhomology joins, and CSR has been suggested to use 
C-NHE)J**. Xrcc4 and DNA ligase IV (Lig4), which cooperatively 
catalyse the ligation step of C-NHE)J, are the most specific C-NHEJ 
factors; they are absolutely required for V(D)J recombination and 
have no known functions other than C-NHEJ*. Here we assess 
whether C-NHE]J is also critical for CSR by assaying CSR in 
Xrec4- or Lig4-deficient mouse B cells. C-NHEJ indeed catalyses 
CSR joins, because C-NHE)J-deficient B cells had decreased CSR 
and substantial levels of IgH locus (immunoglobulin heavy chain, 
encoded by Igh) chromosomal breaks. However, an alternative 
end-joining pathway, which is markedly biased towards microho- 
mology joins, supports CSR at unexpectedly robust levels in 
C-NHE)J-deficient B cells. In the absence of C-NHE], this alterna- 
tive end-joining pathway also frequently joins Igh locus breaks to 
other chromosomes to generate translocations. 

We generated Xrcc4 (X-ray repair complementing defective repair 
in Chinese hamster cells 4)-deficient B cells by two different and 
complementary methods to circumvent the fact that Xrcc4 is abso- 
lutely required for generation of mature B cells owing to its require- 
ment for V(D)J recombination’. One method involved generating 
Xrcc4-deficient mice (Xrec£'")®" that harboured pre-assembled 
(‘knocked in’) immunoglobulin heavy chain (IgH, B1-8-HC) and 
immunoglobulin light chain (IgL, 3-83k-LC) variable-region exons” 
and that were heterozygous or homozygous for a p53 null mutation 
to rescue neuronal apoptosis and embryonic lethality of the Xrec4~ 
genotype’. Because the p53*’ and p53 ‘~ backgrounds gave sim- 
ilar results, we collectively refer to these mice as XP-T/HL (where T 
indicates targeted germline knockout, H indicates heavy chain 


knockin, and L indicates light chain knockin). We used the germline 
gene-inactivation approach to ensure complete absence of Xrcc4 in 
mature B cells. XP-T/HL mice contained populations of surface 
IgM* splenic B cells (Fig. 1a); however, as expected", B-cell num- 
bers were relatively low (see Methods) and there were no T cells (data 
not shown). Therefore, we also inactivated Xrcc4 specifically in 
mature B cells by generating mice that harboured one copy of a 
loxP-flanked (floxed) Xrcc4 allele (Xrcc4°)'® and one copy of an 
Xrcc4 null allele (Xrcc4_) plus a transgene that drives Cre recombinase 
expression in later stages of the B lineage from a CD21 promoter”’ 
(termed CD21-cre-Xrcc4~ mice). CD21-cre-Xrcc4~ mice had nor- 
mal numbers of IgM” splenic B and T cells (not shown). We were 
unable to detect intact Xrcc4 genes, transcripts or proteins in cultured 
CD21-cre-Xrcc4” B cells (Supplementary Figs 1-4). 

To test the role of Xrcc4 in proliferation and CSR in activated B 
cells, XP-T/HL, CD21-cre-Xrcc4” or control (HL, Xrcc4*/" HL or 
Xrcc4”) splenic B220* CD43" B cells were cultured for up to 5 days 
with either anti-CD40 plus interleukin (IL)-4 to stimulate CSR to 
IgG1 and IgE or bacterial lipopolysacharride (LPS) to stimulate CSR 
to IgG2b and IgG3. Proliferation of XP-T/HL and CD21-cre-Xrec4”— 
B cells was not markedly impaired (Fig. 1b), even though both 
mutants were highly sensitive to ionizing radiation (Fig. 1c), the 
latter being consistent with their complete deficiency of Xrcc4. 
Enzyme-linked immunosorbent assays (ELISAs) for secretion of 
IgH isotypes in appropriately stimulated XP-T/HL and CD21-cre- 
Xrcc4”~ B cells revealed substantial production of the IgH isotypes 
assayed (IgG1, IgG2b, IgG3 and IgE) (Supplementary Fig. 5 and 
Supplementary Table 1). In addition, flow cytometry assays for sur- 
face IgG1, IgG2b and IgG3 also revealed substantial switching by 
appropriately stimulated XP-T/HL or CD2I-cre-Xrec4” B cells 
(Fig. 2a and Supplementary Table 2). On the basis of ten different 
experiments, average levels of IgG1 were at about 25% of those of 
controls, but sometimes were as high as 50% (Supplementary Table 
2). A time course of IgG1 switching in CD21-cre-Xrcc4” B cells 
revealed comparable relative IgH switching between mutant and 
control B cells at 2.5days when switching was well below peak 
levels in controls, and at late time points (for example, 4.5 days) when 
IgH switching was maximal (Supplementary Fig. 6). An enzyme- 
linked immunospot (ELISPOT) assay, which provides an assessment 
of the frequency of antibody-secreting cells at the single-cell level’*, 
revealed switching to IgG1 to occur at 20-50% of control levels and 
switching to IgG3 at nearly 50% of control levels for XP-T/HL and 
CD21-cre-Xrcc4” B cells, as opposed to the negligible switching in 
cells deficient for activation-induced cytidine deaminase (AID) 
(Fig. 2b and Supplementary Table 3). Therefore, all three assays 
demonstrated that Xrcc4-deficient B cells have decreased overall 
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Figure 1 | Proliferation and ionizing radiation sensitivity of Xrcc4-deficient B 
cells. a, Surface IgM~ and Igk” expression on XP-T/HL and HL splenocytes 
assayed by flow cytometry. b, Daily cell counts of activated XP-T/HL (solid line) 
and HL (dashed line) B cells for three independent experiments. Xrec4“ and 
CD21-cre-Xrec4”~ B-cell cultures gave similar results (not shown). Data are 
presented as mean + s.e.m. ¢, Ionizing-radiation sensitivity of Xrcc4”" 
(diamonds), CD21-cre-Xrcc4 (squares) and XP-T/HL (triangles) B cells 
activated with anti-CD40 plus IL-4. Representative results of multiple 
experiments are shown as average per cent survival + s.e.m. Ionizing-radiation 
sensitivity of HL cells (not shown) was equivalent to results for Xrcc4“ B cells. 
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levels of IgH class switching but still carry out this chromosomal end- 
joining process at robust levels. 

NHE}J is catalysed specifically by Lig4, with Xrcc4 serving as a 
requisite cofactor for activity and stability of the Lig4 protein’. 
Indeed, assays for Lig4 protein in Xrcc4-deficient cells revealed 
greatly reduced levels (Supplementary Fig. 7), consistent with the 
identical phenotypes of Xrcc4- and Lig4-deficient cells and mice”’*"*. 
To confirm unequivocally that the high level of CSR observed in 
Xrcc4-deficient B cells was not caused by some unanticipated Lig4 
(and NHEJ) activity, we bred the homozygous Lig4-inactivating 
mutation’® into the P-T/HL background to generate LP-T/HL B cells 
(Supplementary Fig. 8a). The Lig4 mutation deletes much of the Lig4 
gene including the portion encoding the active site of the protein’®. 
Notably, LP-T/HL B cells activated with anti-CD40 plus IL-4 still 
switched to IgG1, as assayed by both surface staining (Fig. 2c and 
Supplementary Fig. 8b) and ELISPOT (Supplementary Fig. 9), at 
levels up to 50% of controls. Likewise, the LP-T/HL B cells also 
underwent switching to IgE (Supplementary Fig. 8c). Therefore, we 
conclude that there is a robust Xrcc4- and Lig4-independent CSR 
pathway. In this regard, B cells deficient for Ku70 and Ku80—C- 
NHEJ factors also required for V(D)J recombination’—have severe 
proliferation defects and a complete inability to undergo CSR*’. Our 
current findings with Xrcc4- and Lig4-deficient B cells suggest that 
the more severe phenotypes of the Ku70- and Ku80-deficient cells 
might reflect functions of Ku proteins in processes other than 
C-NHE]'. 

We used fluorescence in situ hybridization (FISH) to test whether 
Xrcec4 deficiency resulted in general and Igh-locus-specific chromo- 
somal breaks in XP-T/HL and CD21-cre-Xrcc4” B cells, as compared 
to control B cells stimulated with anti-CD40 plus IL-4. On the basis of 
a telomere FISH (T-FISH) assay’, both XP-T/HL and CD21-cre- 
Xrcc4”~ B cells exhibited increased levels of general chromosomal 
aberrations, predominantly chromosome breaks (Fig. 3 and Supple- 
mentary Tables 4 and 5); this is consistent with a defect in the repair 
of double-strand breaks (DSBs) mostly initiated in a pre-replicative 
cell-cycle phase. To assay for breaks or translocations within the Igh 
locus, we used a FISH assay with one probe that recognizes sequences 
just upstream of the [gh VH domain on the telomeric region of chro- 
mosome 12 (5’ Igh probe) plus a probe that recognizes sequences 
immediately downstream of the Cu locus (3' Igh probe)'’ (Fig. 3a). 
This assay revealed chromosomal breaks within the Igh locus, visua- 
lized as separated 3’ and 5’ Igh signals, in a large proportion (20-30% 
on average) of metaphases from activated XP-T/HL and CD21-cre- 
Xrcc4’ B cells, in contrast to low levels in the control cells (Fig. 3 and 
Supplementary Tables 4 and 5). Additional FISH analyses mapped 
many of the Igh locus breaks in CD21-cre-Xrcc4” B cells to a region 
downstream of Cu and upstream of Ca, consistent with an origin 
during attempted CSR (Supplementary Fig. 10). These findings dem- 
onstrate that Xrcc4 is required for repair of a subset of Igh locus 
breaks that occur during CSR. Notably, a significant proportion 
(over 20% on average) of Igh locus breaks that did not participate 
in CSR in XP-T/HL and CD21-cre-Xrec4”~ B cells participated in 
translocations (Fig. 3d, e and Supplementary Table 5). Thus, in the 
absence of Xrcc4, another pathway in B cells activated for CSR 
robustly catalyses translocations of unrepaired Igh locus breaks. 

End-joining assays on transfected DNA substrates implicated an 
alternative end-joining pathway that is biased towards microhomol- 
ogy and operates independently of known C-NHEJ factors*!*?', 
Alternative end-joining also has been implicated in oncogenic trans- 
locations in Xrcec4- or Lig4-deficient cells’. However, alternative 
end-joining does not rescue V(D)J recombination in the absence 
of C-NHE}J factors”'® and it has been thought that it does not 
function efficiently on chromosomal DSBs*'*”’. Human B cells that 
harboured hypomorphic LIG4 mutations showed considerably 
increased use of microhomology at Sp to Sx junctions, but not at 
Sp to Sy junctions; this might reflect either increased use of an 
alternative end-joining pathway or altered activity of residual LIG4 
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Figure 2 | CSR in Xrcc4-deficient B cells. 
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and C-NHE]J*. To determine the nature of the DSB repair pathway 
that catalyses CSR and translocations in activated XP-T/HL and 
CD21-cre-Xrcc4” B cells, we analysed CSR junctions. We activated 
XP-T/HL and control cells with either anti-CD40 plus IL-4 or LPS 
and then used polymerase chain reaction (PCR) to isolate, respect- 
ively, Su to Syl and Sp to Se junctions or Su to Sy2b and Sp to Sy3 
junctions (Fig. 4, Supplementary Table 6 and Supplementary Figs 


11-14). We also isolated Su to Syl junctions from CD21-cre- 
Xrcc4” B cells and hybridomas stimulated by anti-CD40 plus IL-4 
(Supplementary Fig. 15 and Supplementary Table 6). Comparison of 
CSR junctions from Xrcc4-deficient B cells to those of controls 
revealed a profound difference. HL control (or Xrcc4*/"HL) 
sequences contained about 30-60% direct joins, depending on the 
downstream switch region, with most of the remainder being short 
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(1-4 bp) microhomology joins (Fig. 4 and Supplementary Table 6). 
In contrast, no direct CSR joins were found in more than 100 junc- 
tions from Xrcc4-deficient B cells, regardless of the downstream 
switch region used (Fig. 4, Supplementary Table 6 and Supple- 
mentary Figs 11-15). Most Xrcc4-deficient CSR joins had microho- 
mology (P= <0.0001) and the remainder contained insertions of 
various lengths (Supplementary Table 6) and, as such, also might 
have been microhomology-mediated. Microhomology joins from 
Xrcc4-deficient B cells showed an increased distribution of junctions 
with longer microhomologies than those of the wild type (Fig. 4a—d 
and Supplementary Table 6), but the distribution of breakpoints 
within the switch regions and levels of point mutations were similar 
to those of controls (Supplementary Fig. 16 and Supplementary 
Table 7). In preliminary studies, a set of analysed Lig4-deficient 
CSR junctions showed a similar lack of direct joins and a bias 
towards microhomology joins (C.B., C.T.Y. and F.A., unpublished 
observations). 

We show that an alternative end-joining pathway can join 
chromosomal DSBs in the physiological context of CSR. Unlike 
C-NHEJ, this alternative end-joining pathway operates in the 
absence of Xrcc4 and Lig4 and does not generate readily detectable 
levels of direct CSR joins. Thus, alternative end-joining is mechan- 
istically distinct from C-NHEJ, both in the use of different ends and 
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of a different ligase, with Lig3 being a likely candidate'*”’. Until 
now it has been concluded that alternative end-joining does not 
function efficiently on chromosomal DSBs, even in the absence of 
C-NHE]J*"*. However, we find that this pathway is much more 
robust in chromosomal DSB repair than previously expected, at least 
during CSR. Thus, in the absence of C-NHBE], alternative end-joining 
catalyses substantial CSR, even early after B-cell activation when CSR 
is still on the rise. Yet, Xrcc4-deficient B cells are sensitive to ionizing 
radiation and have increased general genomic instability; this is con- 
sistent with our finding that alternative end-joining does not repair 
all CSR-associated DSBs. It is possible that particular ends favour 
alternative end-joining, such as those with longer microhomology. 
Notably, some of the Spi to Sa junctions in normal human B cells* and 
Sp to Sg junctions in normal mouse B cells (Supplementary Fig. 14) 
use long microhomology not characteristic of C-NHEJ**”*. Thus, 
alternative end-joining may compete better with C-NHEJ for CSR 
events involving switch regions that are relatively homologous in 
repeat structure (for example, Su, Se and Sax) and which, thereby, 
provide more optimal microhomology substrates*. Furthermore, 
the increased frequency of CSR junctions with longer microhomol- 
ogies in certain mismatch-repair-deficient mice**”” might reflect 
alterations in optimal substrate availability that favour alternative 
end-joining. Our findings raise the question of why alternative 
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deficient CSR junctions. 

a-—d, Percentage of sequences with 
indicated nucleotide (nt) overlap 
for Su and Sy1 (a), Sp. and Sy2b 
(b), Su and Sy3 (c) and Su and Se 
(d) junctions (details in 
Supplementary Table 6 and 
Supplementary Figs 11-15). XP-T/ 
HL, open bars; HL, filled bars. e, HL 


2 


Nucleotide overlap 


(wild type) and XP-T/HL Sp-Sy1 
junctions (additional sequences in 
Supplementary Fig. 11). 
Microhomology is identified as the 
longest region with perfect 
homology. GenBank annotated 
sequence”” MUSIGD07 (Su, top 
row); CSR junctions (middle row); 
GenBank sequence MUSIGHANB 
(Sy1, bottom row). Vertical line, no 
sequence identity; blue text with 
grey highlight, microhomology; 


3 4 5 6 7 


lt od WM 


a 60 b 50 
= 40 
®o fo) 
am 40 D 
£ £ 30 
lat = 
8 30 8 
: © 20 
a jae 
20 4 
‘ | i. 
0 i oon 0 
0123 456 7 8 g Oo 1 
Nucleotide overlap 
4 
c a 40 
40 
is 30 
o 30 7 
D £ 
oO i 
£ Q 20 
® 20 = 
iS) 5 (| 
oO oa 
- 10 
10 | 
110 ; 
Oo 1 3 4 5 6 7 0123 
Nucleotide overlap 
e 
MUSIGDO7 Su 
5289 GACTGTICTGAGCTGAGATGAGCTGGGGIGAGCTCAGCTATGC 5310 
Mut1 GACTGTTCTGAGCTGAGATGAGCTGAC 7 5 nt WT5g91 
9079 AGIGGGAGTGCAGAGATCCAAI T 
MUSIGHANB sy 
5460 CIGAGCTGGGGTGAGCTGAGCTGAGCTGAGCTGAGCTGGGGTG 5158 
Mut2 CTAAGCTGGGGTGAACTGAGCTGAGCA c 7 nt WT6g1 
8936 GGTGTGGGAGACCAGBCTGAGGA\ ( 8990 GGAGAC 
5394 GGGTGAGCTGAGCTGGGCTGAGCTGGACTGAGCTGAGCTAGGG 5172 
Mut3 GGGTGAGCTGAGCTGGGCTGAGCTGGA TA’ tes 8 nt WT7g1 
8998 AAGCTCAGCTACTACATGAGAGEIGGA TATC 3 8839 A 
5165 TAATGAACTGGAATGAGCTGGGECGCTAAGCTAAACTAGGCTG 5197 
Mut7 TAATGAACTGGAATGAGCTGGGC GGGTGTG WT8g1 
8910 AGCAGCTGAAGGTAACCTGGAGE sGGGTGT 8454 GCCAGGCAGA\ 
5217 AGATGAGCCAAACTGGAATGAACTICATIAATCTAGGTTGAAT 5198 
Mut1 1 AGATGAGCCAAACTGGAATGAACTG? ( WT9g1 
8806 ATTCTAA AGAABCT( 
5250 TAGGTTGAATAGAGCTAAACTCTACTGCCTACACTGGACTGTT 5180 
Mut13 TAGGTTGAATAGGGTTAGGGTTAGGGTTAGCAAATACTACAT int WT10g1 
8973 ATCAGGGATAG AAGCAGTCAAGCTCAGC ( 8669 A 
5244 CATTAATCTAGGTIGAATAGAGETAGTGGGGGTGT-GGAGA 5167 
Mut22 CATTAATCTAGGTTGAATAGAGCTAAACTCTACTGCCTACACT "6 nt WT11 gl 
8951 AGCAGCTGAAGGTAACCTGGAGCTAGTGGGGGTGTGGGAGAC 8902 TGAGCAAAT 
5166 CTGTAATGAACTGGAATGAGCTGGGCCGCTAAGCTAAACTAGG 5193 
Mut35 c 6nt WT12g91 


CTGTAATGAACTGGAATGIE a 


4567 8 910111220 
Nucleotide overlap 


AGCTCAGCTATGCTACGC-TGTT 3 
8990 AGCTGAAGGTAACCTGGAGCTABTGGGGGTGTG 


nocrenaonroctace- 10 tozeocrococnsenc 


AGACTGTAATGAACTGGAATG. 


AGGCTGGCTTAACCGAGATA 


AGGCTGGCTTAACCGAGATIGAGCCAAACTGGAATGAACTTCA 
8058 GGCAGAGCAGCTCCA 


underlined blue text, insertions; 
bold text, point mutations; and 
dash, deletions. Nucleotide overlaps 
(black) and insertions (blue) are 
shown on the right of each 
sequence. 


a 


TGGAATGAGCTGGGCCGCTAAGCTAAACTAGGCTGGCTTAAC 
TGGAATGAGCTGGGCCGCTAREE 


AACTAGGCTGGCTTAACCGAGATIGAGCCAAACTGGAATGAAC 
PBCTACECT ORC TT ARCCGRGE 


GCTGGGCCGCTAAGCTAAACTAGGCTGGCTTAACCGAGATGA 
GCTGGGCTGCTAAGCTAAACTED 


CTGGG 
AACAGGGGCA‘ CTGGG 


TGAACTGGAATGAGCTGGGCCGCTAAGCTAAACTAGGCTGGC 
TGAACTGGAATGAGCTGGGCCGP 


AGCTAAACTAGGCTGGCTTAACCGAGATGAGCCAAACTGGAA 
AGCTAAACTAGGCTGGCTTAACCAG 


ACAGAGAAACTGATGEAG 


481 


©2007 Nature Publishing Group 


LETTERS 


end-joining does not rescue any V(D)J joining in developing Xrcc4- 
or Lig4-deficient lymphocytes, despite 50% of normal V(D)J joins 
having short microhomologies”*. The answer seems to be provided by 
recent findings that RAG proteins channel V(D)J DSBs into C-NHEJ 
and exclude alternative end-joining*'. In contrast, our current find- 
ings show that AID-initiated DSBs during CSR are not similarly 
restricted to C-NHEJ. Finally, in the absence of C-NHEJ, we find 
that Igh locus CSR breaks are very frequently joined to other chro- 
mosomes to generate translocations, which also are probably cata- 
lysed largely by alternative end-joining”. In this context, alternative 
end-joining may be inherently ‘error-prone’, with this feature 
being enhanced by frequent occurrence of unrepaired DSBs in the 
C-NHEJ-deficient background. 


METHODS SUMMARY 

Generation of XP-T/HL, CD21-cre-Xrcc4” and LP-T/HL mice. XP-T/HL mice 
(Xrec4 ~ p53*/ HC/LC and Xrec4 ‘p53 /~ HC/LC) on the 129 Sv/ev back- 
ground were generated by breeding Xrcc4*’~ p53*’~ with HC/LC (HL) knock-in 
mice'!. HL and Xrcc4*’ HL mice were generated as control cohorts. CD21-cre- 
Xrec4 “ and CD21-cre-Xrcc4’p53*’ mice were generated by crossing CD21- 
cre transgenic mice’* harbouring heterozygous deletions of Xrec4.and p53(CD21- 
cre-Xrec4*/— p53"! ~) with Xrcc4 floxed (Xrcc4) mice!. LP-T/HL mice 
(Lig4/ p53*/HC/LC) and Lig4*’-HL mice were generated by crossing 
Lig4*’ p53*’- with HL mice. Because of the limited lifespan of the 
Xrec4/~ p53’ genetic background, all XP-T/HL and LP-T/HL experiments 
were performed at 3-5 weeks of age. CD21-cre-Xrec4” and Xrec4”° mice were 
analysed at 6-10 weeks of age. 

Mature B-cell purification, in vitro culture conditions and CSR assays. CD43 
B cells were isolated and cultured as previously described'’. Cells were maintained 
daily at 5 X 10°cellsml"' and were sampled on various days for RNA, DNA, 
protein, flow cytometry'’, ELISA'! and ELISPOT" analysis. RNA isolation, 
Southern blotting and western blotting were performed as previously described’”. 
CSR junction analyses. Su—Sy1, Sp—Sy2b and Sut—Sy3 junctions were amplified 
by PCR from genomic DNA prepared from splenic B cells activated with anti- 
CD40 plus IL-4 for 4 days, as described”’. At least three independent reactions 
each from three control and three experimental mice were used to obtain pro- 
ducts that hybridized with the Syl probe; two mice each were used for other 
downstream switch regions. PCR products were cloned into the Topo-TA 
(Invitrogen) or the pGEM-T vector (Promega), sequenced and analysed using 
Lasergene software and the NCBI database. The GenBank sequence files used 
were as follows: MUSIGD07 (for Si), MUSIGHANB (for Sy1), MUSIGD18 (for 
Sy3), MMU85373 (for Sy2b) and MUSIGHAHX (for Se). Se primers for S—Se 
junctions were: Sel, CAAGTTAAGCTCATGCCAGGTCAA; and Se2, CCAGG- 
CCAGGCCAGTCCTGCTCAGT. PCR was performed using Sut-Sy conditions”. 
Two-colour FISH and telomere-FISH. Metaphase spreads from day-four anti- 
CD40 plus IL-4 B-cell cultures were prepared. Two-colour FISH to detect Igh- 
locus-specific chromosomal aberrations and telomere staining (T-FISH) to 
detect general aberrations were performed as previously described’’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Generation of XP-T/HL, CD21-cre-Xrcec4” and LP-T/HL mice. All mice are in 
the 129 Sv/ev genetic background. The various genotypes were identified by 
Southern blotting as described'®. Live B220*/IgM“/Igk* peripheral B-cell 
counts in mice were as follows: 1.2 + 0.2 X 10° in Xrec4'"p53*’ HL mice 
(n= 8), 314 10° in HL mice (n= 7), 29+ 4 x 10° in Xrec4*/"HL mice 
(n= 2), and 20 X 10° in Xrec4'"p53 / /AL mice (n= 1). Live B220*/IgM*/ 
Igk* B-cell counts for the two LP-T/HL mice analysed were ~1.0 + 0.2 X 10°. 
Splenic B-cell cultures. Single-cell suspensions of fractionated CD43" popula- 
tions were cultured at 5 X 10° cellsml’ in RPMI medium supplemented with 
10% FCS and 500ngmI anti-CD40 antibody (Pharmingen) with 25 ng mI! 
mouse recombinant IL-4 (R&D Systems) (or 25 ng ml’ LPS plus 25 ng mI! IL- 
4) to assay for switching to IgG1 and IgE, or 25 ng ml! LPS (Sigma) to assay for 
switching to IgG3 and IgG2b, as previously described’. Cultured cells were 
maintained daily at a density of 5 X 10° cells mI”!, and sampled on various days 
for RNA, flow cytometry analyses, ELISA, protein and genomic DNA. Western 
blotting using a rabbit polyclonal affinity-purified antibody against murine Lig4 
antibody” was performed at 1:250 in 3% milk/TBS-T. 

Cell proliferation and analysis of ionizing radiation sensitivity. Proliferation 
of Xrcc4-deficient B cells was analysed by daily cell counts of activated XP-T/HL 
versus HL mice; Xrec4” and CD21-cre-Xrcec4” B220* CD43~ splenic B cells were 
quantified by trypan blue to exclude dead cells. To determine whether Xrcc4- 
deficient B cells are sensitive to ionizing radiation, purified CD43" B cells 
cultured in anti-CD40 plus IL-4 from a total of n=5 Xrec4", n=5 CD21- 
cre-Xrcc4”, n=2 HL, n=1 Xrec4/ p53’ HL and n=2 Xrcc4/— 
p53*’- HL mice—one or more independent stimulations were performed for 
each mouse on day 2.5 of activation—were plated as triplicate samples, irra- 
diated with a dose of 0-5 Gy, and counted with trypan blue to exclude dead cells 
24h after irradiation. 

Flow cytometry analyses. For fluorescence-activated cell sorting analyses, cells 
were washed twice in PBS/2% FCS and stained with various antibodies conju- 
gated with fluorescein (IgG1 and IgG2b), phycoerythrin (IgE, IgG3 and IgM) or 
Cy7-phycoerythrin (B220) as previously described'’. The cells were analysed by 
using a FACSCalibur (BD Biosciences), and data were interpreted using 
FLOWJO software (Tree Star). At least 10,000 events of gated live, lymphoid 
cells, as determined by forward scatter versus side scatter, were recorded. 
ELISA and ELISPOT. ELISAs to detect IgM and various IgG isotypes in cultured 
supernatants, obtained after 5 days of stimulation, were performed as described" 
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using isotype-specific antibodies purchased from Southern Biotechnology 
Associates. Antibodies for IgE detection were purchased from BD 
Pharmingen. ELISPOTs were performed essentially as described". 

Two-colour FISH. Lymphocytes were incubated in colcemid (KaryoMAX, 
Gibco), swollen in pre-warmed 30 mM sodium citrate for 25 min at 37 °C (or 
70 mM KCl for 15 min at 25 °C), fixed in methanol/acetic acid (3/1) and dropped 
onto slides that were then air-dried overnight. We detected metaphase chromo- 
somes containing the 3’ end of the Igh locus using BAC199 (a gift of B. Birshtein) 
and those containing the 5’ end using BAC207 (a gift of P. Brodeur), and 
identified chromosomes containing the Cu—Cé portion of the locus using an 
isolated internal 10 kb Cy1/Cd genomic probe. BACs were labelled with either 
biotin (biotin-nick translation mix, Roche) or digoxigenin (dig-nick translation 
mix, Roche), as per the manufacturer’s instructions. Two-hundred nanograms 
of BAC DNA was precipitated with mouse Cot] DNA (Invitrogen; ratio of BAC 
DNA to Cot] DNA, 1:20), resuspended in 15 ul of hybridization solution (50% 
formamide, 2 SSC, 10% dextran sulphate, 0.15% SDS) and co-denatured on 
slides for 5 min at 76 °C. Slides were then incubated at 37 °C for 16h, washed in 
50% formamide/2 X SSC for 5 min twice at 45 °C, then in 2 SSC for 5 min twice 
at 45 °C and incubated with avidin-Cy3 and antidigoxigenin-FITC (Roche, 1:250 
dilution) in 2 SSC/0.05% Tween-20 for 1 h at room temperature (25 °C). After 
three washes in 2X SSC/0.05% Tween-20, slides were mounted in Vectashield 
with DAPI (Vector Laboratories). Metaphase images were captured using a 
Nikon Eclipse microscope equipped with a CCD camera (Applied Spectral 
Imaging) and a X63 objective lens. Fifty metaphases were analysed for each 
sample. 

Telomere-FISH. Metaphases on slides were prepared as described above. 
After pepsin digestion (1 mg ml" for 10 min at 37°C), slides were denatured 
at 80°C for 3 min, hybridized with a Cy3-labelled PNA telomeric probe (Cy3- 
(TTAGGG);) in 70% formamide at room temperature for 2h, washed, dehy- 
drated and mounted in Vectashield with DAPI (Vector Laboratories). 
Metaphase images were captured using a Nikon Eclipse microscope equipped 
with a CCD camera (Applied Spectral Imaging) and a X63 objective lens. For 
cytogenetic analysis, 30-40 metaphases per sample were scored for chromosomal 
aberrations. 


32. Jones, K. R. et al. Radiosensitization of MDA-MB-231 breast tumor cells by 
adenovirus-mediated overexpression of a fragment of the XRCC4 protein. Mol. 
Cancer Ther. 4, 1541-1550 (2005). 
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Rag mutations reveal robust alternative end joining 


Barbara Corneo’”*, Rebecca L. Wendland'*, Ludovic Deriano'*, Xiaoping Cui’, Isaac A. Klein’, Serre-Yu Wong’, 
Suzzette Arnal’, Abigail J. Holub’, Geoffrey R. Weller’, Bette A. Pancake’, Sundeep Shah*+, Vicky L. Brandt’, 


Katheryn Meek? & David B. Roth’ 


Mammalian cells repair DNA double-strand breaks (DSBs) 
through either homologous recombination or non-homologous 
end joining (NHEJ). V(D)J recombination, a cut-and-paste mech- 
anism for generating diversity in antigen receptors, relies on 
NHE)J for repairing DSBs introduced by the Ragl—Rag?2 protein 
complex. Animals lacking any of the seven known NHEJ factors 
are therefore immunodeficient’. Nevertheless, DSB repair is not 
eliminated entirely in these animals: evidence of a third mech- 
anism, ‘alternative NHE)J’, appears in the form of extremely rare 
V(D)J junctions’* and a higher rate of chromosomal transloca- 
tions”®. The paucity of these V(D)J events has suggested that 
alternative NHEJ contributes little to a cell’s overall repair capa- 
city, being operative only (and inefficiently) when classical NHEJ 
fails. Here we find that removing certain portions of murine 
Rag proteins reveals robust alternative NHEJ activity in NHEJ- 
deficient cells and some alternative joining activity even in wild- 
type cells. We propose a two-tier model in which the Rag proteins 
collaborate with NHEJ factors to preserve genomic integrity 
during V(D)J recombination. 

In previous work we discovered that the Rag proteins have an 
essential role in the joining phase of V(D)J recombination, but it 
has been unclear how the Rag post-cleavage complex transmitted 
the broken DNA ends specifically to the classical NHEJ pathway, 
rather than other repair machinery, for joining’. Here we used a 
genetic approach, to be described elsewhere, to screen for Rag muta- 
tions that affect joining. We identified a mutant Rag2 protein with a 
frameshift at amino acid 361 (FS361), deleting the carboxy-terminal 
22 amino acids of core Rag2 and adding 27 novel amino acids (Sup- 
plementary Fig. 2). Although core Rag2 has been considered the 
shortest active form of the protein’®"', this FS361 mutant is fully 
active for DNA cleavage and recombination, as is an alternative 
version bearing a stop codon at the site of the frameshift (Stop361) 
(Supplementary Figs 2 and 3). The FS361 mutation did not affect 
steady-state levels of Rag2, as assessed by western blotting, but the 
Stop361 mutation yielded lower protein levels, indicating that it 
diminishes protein stability (Supplementary Fig. 4). 

We sought to determine whether these Rag2 mutants allow V(D)J 
recombination intermediates (signal and coding ends) to access 
repair pathways other than classical NHEJ. We first used a substrate 
that allows Rag cleavage to generate a functional cyan fluorescent 
protein (CFP) gene through homologous recombination (Sup- 
plementary Fig. 5)’. FS361, Stop361 and core Rag2 all yielded 
statistically significant (P< 0.003) increases in CFP-positive cells 
compared with wild-type Rag2, which performs no better than the 
catalytically inactive ‘DDE’ mutant’ (Fig. la). We next designed a 
recombination substrate that specifically measures alternative NHE]J, 


making use of the knowledge that alternative NHEJ often produces 
large deletions and typically uses short sequence homologies’*'*’. 
This substrate allows a functional green fluorescent protein (GFP) 
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Figure 1| FS361 and Stop361 Rag2 mutants allow use of homologous 
recombination and alternative NHEJ in wild-type cells. a, To measure 
homologous recombination in CHO-K1 cells, CEFP* fluorescent cells were 
measured by flow cytometry 60h after transfection with the indicated Rag 
expression vectors and the substrate plasmid. b, To measure alternative 
NHE]J in CHO-K1 cells, GEP~ fluorescent cells were measured as ina. Values 
significantly different from the wild-type Rag] and Rag2 complex are 
marked with an asterisk (P < 0.05 by Student’s t-test, unpaired, two tailed, 
equal variance). For a and b, means from three independent experiments are 
plotted; error bars reflect the standard error of the mean. 
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gene to form only if a unique coding joint sequence is generated 
within a 9-nucleotide microhomology, necessitating deletion of 20 
nucleotides from the coding ends (Supplementary Fig. 6). As 
expected, these highly restrictive conditions prevented the wild-type 
Rag complex from producing more than a few GFP-positive cells 
(Fig. 1b). FS361 and Stop361, however, generated much higher levels 
of GFP-positive cells (for FS361, a 12-fold increase over wild-type, 
P<0.0001; for Stop361, a 6-fold increase, P< 0.0001) (Fig. 1b). 
Note that both of these increases are much larger than the slight 
increase in normal recombination (=twofold) observed with these 
two mutants (Supplementary Fig. 3). Core Rag2 modestly stimulated 
formation of alternative NHEJ products (threefold over wild-type; 
P<0.0001) (Fig. 1b), as was the case with the homologous recom- 
bination substrate. 

Given that removal of the Rag2 C terminus allows V(D)J recom- 
bination intermediates to be repaired by alternative NHEJ in wild- 
type cells, we wondered whether our mutants would also overcome 
the severe joining defects of NHEJ-deficient cells. We first tested 
FS361 using extrachromosomal substrates in V3 cells (a CHO cell 
line), which lack DNA-PKcs, the catalytic subunit of the NHEJ factor 
DNA-dependent protein kinase’®. In the deficient cells, FS361 mark- 
edly and consistently (P<0.05) rescued signal and coding joint 
formation (to 100% and 50%, respectively, of levels formed by 
wild-type Rag proteins in V3 cells complemented with DNA-PKcs) 
(Fig. 2a, b and Supplementary Table 1). To correct for the fact that 
coding and signal joint formation are both substantially stimulated 
by FS361 in the complemented cells, we expressed joint formation as 
a percentage of joints formed by the same Rag proteins in comple- 
mented cells. According to this calculation, FS361 formed 6% and 
67% of wild-type levels of coding and signal joints, respectively 
(Fig. 2), a substantial rescue of joining. 

We next examined coding and signal joint formation ina CHO cell 
line (XR-1) that lacks Xrcc4, a protein essential for classical NHEJ"’. 
These are among the most severely V(D)J-recombination-deficient 
cells known. In mock-complemented XR-1 cells, rescue of signal 
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Figure 2 | Rag2 truncation mutants bypass genetic defects in classical 
NHEJ (DNA-PKcs). a, b, FS361 bypasses the NHEJ deficiency to form 
coding joints (at 40% the level of joint formation in wild-type cells) and 
rescues signal joint formation to the levels observed in wild-type cells. In the 
right panels data from the left and middle panels were used to calculate the 
ratio of recombination frequencies of mock-complemented to 
complemented cells, expressed as a percentage. This was done to correct for 
possible bias introduced by the varying abilities of the different Rag proteins 
to perform recombination. Data are from Supplementary Table 1. Asterisks 
indicate P < 0.05; error bars indicate standard error of the mean. (see 
Methods for details) 
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joint formation by FS361 was remarkably robust, averaging 40% of 
levels observed in complemented XR-1 cells transfected with wild- 
type Rag] and Rag2 (Supplementary Fig. 7a and Supplementary 
Table 2a). Coding joint formation increased from undetectable levels 
to 10% of those observed with wild-type Rag proteins in comple- 
mented XR-1 cells (Supplementary Fig. 7a and Supplementary 
Table 2b). 

To control for the higher levels of recombination observed with 
FS361 in complemented cells (Supplementary Fig. 7), we expressed 
the level of joining as a percentage of recombination observed 
in complemented XR-1 cells using the same Rag alleles (Fig. 3a). 
These calculations reveal that FS361 rescued signal joint formation 
in Xrcc4-deficient cells to 21% of levels in wild-type cells, strongly 
bypassing Xrcc4 deficiency. Stop361 and, to a lesser degree, core Rag2 
also bypassed the signal joint defect in XR-1 cells (Fig. 3a). FS361 
rescued coding joint formation to 3% of levels observed in the com- 
plemented control cells (Fig. 3a). This represents a 60-fold increase 
over the ratio of levels of coding joints produced by wild-type Rag2 in 
mock-complemented cells. Stop361 also rescued coding joint forma- 
tion (sevenfold over the ratio of levels observed with wild-type Rag2). 
The weaker activity of Stop361 is consistent with the diminished 
stability of this protein, as noted above. 

To investigate the effects of the dispensable portions of Ragl, we 
repeated the above experiments, replacing wild-type Rag with core 
Ragl (refs 18, 19) (Supplementary Fig. 2). Core Rag] amplified the 
ability of FS361 to bypass Xrcc4 deficiency, producing coding joints 
at 10% and signal joints at 38% of levels observed with the corres- 
ponding Rag proteins in wild-type cells (Fig. 3b). Notably, core Ragl 
allowed some bypass even in the context of wild-type Rag2, forming 
signal joints at 6% of levels seen in wild-type cells (Fig. 3b). 

Nucleotide sequences of coding joints obtained from Xrcc4- 
deficient cells transfected with FS361 resemble the rare junctions 
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Figure 3 | Rag truncation mutants bypass genetic defects in classical NHEJ 


(Xrec4). a, XR-1 cells complemented with an Xrcc4 expression vector were 
transfected with either a signal or coding joint substrate (pJH289 or pJH290, 
respectively) and the indicated Rag expression vectors. Plasmid DNA was 
harvested and used to transform bacteria; colonies were counted and used to 
calculate recombination frequencies (shown in Supplementary Table 2 and 
Supplementary Fig. 7). Results are expressed as a ratio of recombination 
frequencies of mock-complemented to complemented cells, as in Fig. 2, to 
correct for different recombination efficiencies of the Rag mutants. 

b, Experiments shown in a were repeated with core Rag]. 
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isolated from these cells using wild-type Rag proteins (Supplemen- 
tary Table 3). Thus, this Rag2 truncation does not normalize NHEJ 
but rather allows the ends to access alternative NHEJ pathways. 
Notably, most coding joints (82%) exhibited microhomologies char- 
acteristic of alternative NHEJ (Supplementary Table 3). Indeed, 50% 
used a seven-nucleotide microhomology with a 35-base-pair deletion 
never detected in wild-type cells. Signal joints, which are normally 
precise, were strikingly abnormal: all except one (58 out of 59) from 
NHE)J-deficient cells bore deletions and 83% showed microhomolo- 
gies of at least 3 nucleotides (Supplementary Table 3). 

To test the ability of Rag mutants to bypass classical NHEJ defects 
under more physiological conditions, we repeated the aforemen- 
tioned experiments using Xrcc4-deficient cells that contained chro- 
mosomally integrated coding joint and signal joint substrates. 
Polymerase chain reaction (PCR) analysis of gnomic DNA revealed 
that Stop361 and FS361 were active for signal and coding joint forma- 
tion in wild-type cells bearing integrated substrates (Supplementary 
Fig. 8) and rescued coding joint formation in Xrcc4-deficient cell 
lines (Fig. 4). In agreement with results using extrachromosomal 
substrates, the most robust rescue of coding joint formation occurred 
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Figure 4 | FS361 and Stop361 bypass Xrcc4 deficiency using integrated 
substrates. PCR analysis of genomic DNA harvested from integrated 
recombination substrates in Xrcc4-deficient cells. PCR products were run on 
a gel, blotted and probed with the indicated oligonucleotide probes. a, The 
most robust rescue of coding joint formation occurred with FS361 in 
combination with core Ragl. b, FS361 also strongly rescued signal joint 
formation, whether in combination with core or wild-type Rag]. Core Rag] 
in combination with wild-type Rag2 allowed a mild rescue of both coding 
and signal joint formation, consistent with the results obtained with 
extrachromosomal substrates. CJ, coding joint; SJ, signal joint; UR, 
unrearranged substrate. 
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with FS361 in combination with core Ragl, and both FS361 and 
Stop361 rescued coding joint formation in conjunction with full- 
length Ragl (Fig. 4a). FS361 also strongly rescued signal joint forma- 
tion, whether in combination with core or wild-type Rag] (Fig. 4b). 
Core Rag] in combination with wild-type Rag2 allowed a mild rescue 
of both coding and signal joint formation, consistent with the results 
obtained using extrachromosomal substrates. 

The bypass observed in both Xrcc4- and DNA-PKcs-deficient cell 
lines indicates a much more robust level of alternative joining activity 
than previously appreciated. Our data suggest that classical NHEJ 
factors and the Rag post-cleavage complex collaborate to provide two 
tiers of protection against aberrant rearrangements (Supplementary 
Fig. 1). Recent data showing that immunoglobulin class-switch 
recombination is quite efficient in Xrcc4- and DNA-ligase-IV- 
deficient contexts” corroborate our conclusion that alternative 
NHE] is quite active in NHEJ-deficient cells. Class switching requires 
proteins not necessary for V(D)J recombination”'; perhaps these 
factors afford a second tier of protection against aberrant rearrange- 
ments in the absence of a class-switch recombination complex 
analogous to the Rag post-cleavage complex. 

How active is alternative NHEJ in wild-type cells? Previous analysis 
of joints formed by re-circularization of transfected linear DNA 
molecules revealed a substantial fraction of junctions with deletions 
and short sequence homologies'’. Using the substrate designed to 
measure alternative end joining, we found a substantial increase in 
the formation of a particular highly deleted junction bearing a long 
microhomology in the presence of FS361 and, to a lesser extent, 
Stop361 and core Rag2. These data suggest that deletions of the C 
terminus of Rag2 allow alternative NHEJ activity in wild-type cells. 
Sequences of coding and signal joints suggested a slight trend towards 
larger deletions but failed to show consistent, gross abnormalities 
typical of joints formed in NHE)J-deficient cells (data not shown). 
It is conceivable, however, that the presence of a functional NHEJ 
system might alter the features of junctions formed by the alternative 
pathway, perhaps by protecting the ends from excessive degradation. 
Indeed, even in Xrcc4-deficient cells a significant fraction of junc- 
tions appears normal, indicating that deletions and microhomo- 
logies are not obligatory features of alternative NHEJ. 

The previously puzzling observation that core Rag and core Rag2 
knock-in mice form coding and signal joints bearing excessive dele- 
tions and short sequence homologies” can now be explained by our 
data showing that both core Ragl and core Rag2 allow a small degree 
of alternative NHEJ activity. The presence of these aberrant junctions 
in core Ragl and Rag2 knock-in mice also provides strong support 
for our conclusion that wild-type cells express alternative NHEJ 
activity. We speculate that preventing V(D)J recombination inter- 
mediates from being joined by alternative NHEJ benefits the organ- 
ism by ensuring a diverse immune receptor repertoire (which would 
be severely constrained by frequent use of microhomologies and the 
excessive deletions characteristic of alternative NHEJ) and by mini- 
mizing the opportunities for chromosome translocations. 

A shift in the balance between classical and alternative NHEJ could 
represent an important step in carcinogenesis****. Biochemical stud- 
ies have shown that human bladder tumours primarily express 
alternative NHE]J activity, as opposed to normal human cells that 
perform classical NHEJ**. Given the unexpected robustness of the 
alternative NHEJ pathway, as shown by our studies and those of 
ref. 20, it is clearly important to determine the contributions of 
alternative NHEJ mechanisms to normal cell physiology as well as 
to the development of neoplasia. 


METHODS SUMMARY 


The FS361 mutant was generated by error-prone PCR-based mutagenesis of the 
Rag2 open reading frame. The Stop361 mutant was created by site-directed 
mutagenesis. Transient transfections with fluorescent recombination reporter 
substrates were performed using FuGENE 6 (Roche) according to the manufac- 
turer’s directions. Extrachromosomal recombination assays using the bacterial 
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colony counting method were performed as described previously'®. Alternative 
NHE)J was measured using an extrachromosomal substrate that gives GFP 
expression only if 10 nucleotides of extraneous DNA are removed from each 
end and joining occurs in a 9-nucleotide microhomology (see Methods). 
Homologous recombination was measured using an extrachromosomal reporter 
substrate as described previously’. Bulk populations of cells bearing stably 
integrated recombination substrates were maintained under selection for the 
appropriate resistance marker, except during recombination assays, and were 
tested for recombination by transiently transfecting Rag expression vectors. P 
values were calculated according to the Student’s #test (unpaired, two tailed, 
equal variance). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell culture. Chinese hamster ovary (CHO-K1 and RMP41) fibroblasts and the 
CHO mutant cell lines XR-1 (deficient in Xrcc4) and V3 (deficient in DNA- 
PKcs) were grown in DMEM (Invitrogen) supplemented with fetal bovine serum 
(10%), non-essential amino acids and penicillin-streptomycin. Cells were grown 
at 37 °C in the presence of 5% CO. Cells containing integrated substrates were 
selected and grown in the presence of 250 1g ml ' geneticin (Gibco). 
Measuring V(D)J recombination by bacterial colony analysis. To assess V(D)J 
recombination in XR-1 cells, 1.8 1g of murine Rag] and 2.1 pig of murine Rag2 
expression constructs, as well as 5 tg of recombination substrate pJH289 (ref. 23; 
signal joints) or pJH290 (ref. 23; coding joints), were transfected into cells stably 
expressing murine Xrcc4 or mock vector using a FUGENE 6:DNA ratio of 3:1. 
Forty-eight hours after transfection, plasmid substrates were rescued from the 
cells and bacteria transformed with these DNAs were spread onto LB plates 
containing 100 1g ml! ampicillin and LB plates containing 100 ug ml! ampi- 
cillin and 11 pgml~! chloramphenicol. A parallel approach was used for the 
studies with V3 (DNA-PKcs-deficient) cells. 

Fluorescent reporter substrates to detect V(D)J coding and signal joint forma- 
tion. We inserted the BglII to EcoRI recombination signal sequence (RSS)-bound 
segment from pJH290 into pGFP-N2 (Clontech) to generate plasmid pSS1. 
Subsequently we inserted the Sall to BamHI segment containing a poly(A) 
sequence from plasmid dsRed (Clontech) between the 12 and 23 RSS to generate 
pCJGFP to detect coding joint formation. Before Rag cleavage, GFP expression is 
blocked by the poly(A) sequence. The signal-joint-specific reporter pSJGFP was 
constructed similarly, except the 12/23 RSS are inverted relative to the RSS 
sequences in pJH290. 

To measure V(D)J recombination, cells were grown to 50% confluence in 
24-well dishes. Each transfection contained 400-600 ng of each plasmid, sub- 
strate as indicated, and Rag expression vectors as indicated, and a FuGENE 6 
(Roche):DNA ratio of 3:1 and 3:2 for CHO-K1 and RMP41, respectively. 

Flow cytometry. FACS analysis was carried out using a BD LSRII flow cytometer 
(BD Biosciences) equipped with FacsDiVa software after cells were trypsinized, 
pelleted and re-suspended in DPBS (Invitrogen) containing 0.5% BSA (Sigma 
Aldrich) and 5mM EDTA. FlowJo software was used for data analysis. 
Substrate-specific integrated cell lines. 3 X 10° RMP41 cells were plated and 
transfected 48 h later with 800—1,000 ng of either the pCJGFP (coding joint) or 
pSJGEFP (signal joint) substrate using the FuGENE 6 transfection reagent 
(Roche) at a 3:2 FUGENE:DNA (l:11g) ratio. Integrated cells were selected with 
250 pg ml’ of geneticin (Gibco/Invitrogen) for 14 days. Bulk, stably integrated 
cell lines were maintained under antibiotic selection except during recombina- 
tion assays. 

1 X 10° CHO-K1 and XR-1 cells were plated and transfected 24h later with 
6 tg of either the pJH290 (coding joint) or pJH289 (signal joint) substrate” and 
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with 2 pg of pBABEpuro plasmid (ADDGENE) using the FuGENE 6 transfection 
reagent (Roche) at a 3:1 FuGENE:DNA (lpg) ratio. Integrated cells were 
selected with 3ugml~! of puromycin for 12 days. Bulk, stably integrated cell 
lines were maintained under antibiotic selection except during recombination 
assays. 

Recombination assays in pJH290 and pJH289 integrated cell lines. To assess 
V(D)J recombination in substrate-specific integrated XR-1 and CHO-K1 cell 
lines, 2 ug of Rag] and 2 tg of Rag2 expression constructs were transfected into 
cells using a FUGENE 6:DNA ratio of 3:1. Forty-eight hours after transfection, 
genomic DNA was extracted and substrate-specific V(D)J recombination events 
were analysed by PCR using the substrate-specific primers DR99 and DR100. 
PCR products were analysed by polyacrylamide gel electrophoresis and visua- 
lized using a PhosphorImager after Vistra Green staining (GE Healthcare 
Biosciences) or Southern blotting using a *’P-end-labelled oligo probe, LD2. 
Primer and probe sequences. DR99, 5’-TCACACAGGAAACAGCTATGAC- 
CATG-3'; DR100, 5'-GGGATATATCAACGGTGGTATATCCAGTG-3’; LD2, 
5'-GAGATTTTCAGGAGCTAAGGAAGCTAAAATGG-3’. 

Alternative NHEJ assays. Cells were grown to 50% confluence in 24-well dishes 
and transfected with 400 ng each of Ragl, Rag2 and the GFP alternative NHEJ 
substrate, pGFP-Alt, using a FuGENE 6:DNA ratio of 3:1. Cells were harvested at 
48 h and analysed by flow cytometry. The alternative NHEJ substrate was created 
by adding 10 nucleotides of extraneous DNA (with stop codons in all three 
reading frames) and 9 nucleotides of DNA homologous to the interior of the 
coding region for pEGFP-N1 (Clontech) to either side of the heptamer-bound 
segment from pECFP-290-NtCFP” by PCR. This segment was then inserted 
to interrupt the EGFP coding sequence of pEGFP-N1, yielding pGFP-Alt. 
Formation of a functional GFP gene requires cleavage, deletion of 10 nucleotides 
from each end and utilization of the 9-nucleotide microhomology. 
Homologous recombination. Assays were performed using an extrachromo- 
somal reporter substrate that expresses CFP on homologous recombination. 
Cells were harvested at ~60h after transfection and analysed by flow cytometry 
to detect CFP expression. We considered any cells brighter than substrate alone 
(without Rag vectors) to be positive. 

Western blot analysis. After transient transfections of RMP41 cells, proteins 
from cell lysates were separated on 8% SDS-PAGE gels and transferred to PVDF 
membranes (Bio-Rad). Rag protein expression was detected by chemilumin- 
escence using rabbit anti-GST (Cell Signaling Technology) and donkey anti- 
rabbit IgG conjugated with HRP (GE Healthcare Biosciences) and visualized 
using the ECL-PLUS kit (GE Healthcare Biosciences). 
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Structural basis of Dscam isoform specificity 


Rob Meijers’**t, Roland Puettmann-Holgado****, Georgios Skiniotis’, Jin-huan Liu’’, Thomas Walz’, 


Jia-huai Wang'’®” & Dietmar Schmucker”* 


The Dscam gene gives rise to thousands of diverse cell surface 
receptors’ thought to provide homophilic and heterophilic recog- 
nition specificity for neuronal wiring’* and immune responses’. 
Mutually exclusive splicing allows for the generation of sequence 
variability in three immunoglobulin ecto-domains, D2, D3 and 
D7. We report X-ray structures of the amino-terminal four 
immunoglobulin domains (D1—D4) of two distinct Dscam iso- 
forms. The structures reveal a horseshoe configuration, with vari- 
able residues of D2 and D3 constituting two independent surface 
epitopes on either side of the receptor. Both isoforms engage in 
homo-dimerization coupling variable domain D2 with D2, and D3 
with D3. These interactions involve symmetric, antiparallel pair- 
ing of identical peptide segments from epitope I that are unique to 
each isoform. Structure-guided mutagenesis and swapping of pep- 
tide segments confirm that epitope I, but not epitope II, confers 
homophilic binding specificity of full-length Dscam receptors. 
Phylogenetic analysis shows strong selection of matching peptide 
sequences only for epitope I. We propose that peptide complemen- 
tarity of variable residues in epitopeI of Dscam is essential for 
homophilic binding specificity. 

The Drosophila melanogaster Dscam protein is an immunoglobulin 
superfamily (IgSF) member and consists of 10 immunoglobulin-like 
domains, 6 type III fibronectin domains, a transmembrane segment 
and a 374-residue cytoplasmic domain (Supplementary Fig. 1). 
Mutually exclusive alternative splicing occurs for exons 4, 6, 9 and 
17, which encode the N-terminal half of Ig2 (D2), the N-terminal half 
of D3, the entire D7, and the transmembrane segment, respectively. In 
Drosophila, the combinatorial use of alternative exons potentially gives 
rise to 19,008 distinct extracellular receptor parts of Dscam'. Dscam 
was first identified as a highly diverse surface receptor required for 
neuronal wiring'®*. It was proposed that differences in isoforms 
expressed on the surface of neighbouring axons and dendrites deter- 
mine their interactions***. Recent studies have demonstrated that 
Dscam is also required in the innate immune system*'*. Moreover, 
in vitro binding studies have shown that Dscam isoforms can interact 
in a highly selective homophilic manner, and that even closely related 
isoforms exhibit almost exclusive isoform-specific binding requiring 
the first eight immunoglobulin domains’. It was also proposed that 
modular interactions of the variable domains as D2“—D28, D3“—D3® 
and D7*—D7? together are required to stabilize otherwise weak indi- 
vidual interactions’. 

The topology of the N-terminal eight immunoglobulin domains 
of Dscam was examined by negative-stain electron microscopy". 
Averaged images of several isoforms reveal multiple distinct configu- 
rations indicative of remarkable flexibility (Fig. 1a, and Supplemen- 
tary Fig. 2). In contrast, class averages of proteins of the N-terminal 
four immunoglobulin domains (D1—D4) revealed a horseshoe shape 


for more than 90% of the molecules observed (Fig. 1b, and Supple- 
mentary Fig. 3). 

D1-D4 proteins of two distinct Dscam isoforms were expressed 
using a baculovirus system and taken for crystallographic analysis 
(see Methods). The first isoform contains splicing variant 1 of exon 4 
and splicing variant 34 of exon 6, designated as D1—D4j_34. It crystal- 
lized in three forms, the best of which, P4,22, diffracted to 2.0A 
resolution. The 388-residue structure was determined using multiple 
anomalous dispersion and crystal averaging (Supplementary Table 
1). It reveals a horseshoe-shaped configuration with D2 contacting 
D3 on the top and D1 contacting D4 at the bottom (Fig. 1c). The 
second isoform D1—D49. contains splicing variant9 of exon4 
and variant9 of exon6. Its 3A resolution 391-residue structure 
in C2 form was obtained by molecular replacement. In spite of 
marked sequence differences in D2 and D3 (Supplementary Fig. 4), 
D1—-D4,. has a similar horseshoe configuration. Unless otherwise 
stated, DI-D4, 34 is used for a description of structural features. 

The horseshoe configuration is facilitated by a flexible 5-residue 
linker between D2 and D3 (Fig. 1c) and buries 2,550 A? of surface area 
in the Dscam D1—D4, 34 structure, a size that probably renders the 
configuration stable’®. The interactions that stabilize the D2—D3 
interface are mainly from conserved residues (Supplementary Fig 
5a). Because D1 and D4 are constant domains, the D1—D4 interface 
is also probably conserved among all isoforms. Therefore the horse- 
shoe configuration should be a general structural feature of all 
Dscam isoforms. This overall horseshoe topology is similar to the 
N-terminal four-domain structures of the insect protein hemolin”” 
and the chicken neuronal receptor axonin'® (Supplementary Figs 5b 
and 6). The prediction is that this configuration might represent a 
common feature for other neural cell adhesion molecules of the L1 
family”. 

The four Dscam N-terminal domains most closely resemble the 
I-set of the IgSF fold*’. The alternatively spliced segment of D2 
(Supplementary Fig. 4) exhibits two features that are unique to 
Dscam. First, both isoforms contain an unusually long A’ strand 
(Fig. 1c), and, second, an extra B-strand (termed D°) that emerges 
after the C’ strand, folding alongside the D strand (Fig. lc, and 
Supplementary Fig. 7a, b). This C—D° unit encompasses the most 
variable region of exon 4 (Supplementary Fig. 4). The alternatively 
spliced segment in D3 contains an unusually elongated transition of 
the A-A’. In D1—D4,.34, this prominent 8-residue A—A’ bulges out 
(Fig. 1c, and Supplementary 7c), whereas in the D1—D4, 4, this 7- 
residue A—A’ curves into a single 3) helical turn (Supplementary Fig. 
7d). The long A’ strand of D2 and the distinct A—A’ protrusion of D3 
are exposed on the same front face and, as a consequence of the 
horseshoe configuration, assemble into a composite surface epitope. 
It displays variable residues that we define and refer to as epitope I 
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(Fig. 1d, e). The C’-D° unit of D2 and the B-strand B of D3 reside on 
the opposite face, constituting an entirely separate epitope, which we 
define and refer to as epitope II (Fig. 1d, e). Both exon 4 and exon 6 
contribute to each epitope in such a manner that their N-terminal 
segments encode epitope I and the C-terminal segments encode epi- 
tope II sequences. 

Molecular packing analyses of all crystal forms of both iso- 
forms show that epitopeI is the key interaction surface engaged in 


D1-D4, 34 D1-D4g 


Figure 1| Structure of the N-terminal four-domain fragment of Dscam. 

a, Representative class averages from negatively stained Dscam D1—D8, 34.30 
show that the molecule can adopt different conformations but retains the 
horseshoe configuration of the N-terminal D1—D4 domains. Scale bar, 

10 nm. b, Representative class averages from negatively stained Dscam 
D1-D4, 34 show that the four domains of Dscam D1—D4, 34 are arranged ina 
horseshoe configuration. Scale bar, 5 nm. c, Ribbon diagram of Dscam 
D1-D4, 34 coloured according to sequence variability; conserved residues 
are coloured cyan, variable residues are green and hypervariable residues are 
red. The variability was calculated using Shannon’s uncertainty”, and 
residues were classified as hypervariable if the uncertainty value exceeded 
two-thirds of the highest value observed for all residues from exons 4 and 6. 
d, e, Surface representation of epitope I (left) and II (right) on either side of 
the horseshoe for Dscam D1—D4, 34 (d) and Dscam D1—D49 9 (e). Colour 
codes are as in c. The figure was prepared using PyYMOL (http:// 
www.pymol.org). 
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homophilic dimerization (Fig. 2). The central structural element 
in the D2“—D2° interactions between the monomers A and B is the 
long and highly variable A’ strand. In D1—D4,.34, this segment is 
EADVNKEH,, starting at residue 107. A hydrogen-bonding network 
is formed between peptide segments Glu 107 to His 114 of interacting 
D2s (Fig. 2a, c). At the centre of the dimer are two side-chain hydro- 
gen bonds formed by a pair of symmetry-related residues (Asn 111). 
There are two salt bridges (Glu 107“—Lys112® and Asp 1094— 
Lys 112) as well as a hydrogen bond (Asp 109*-His 114”) from 
molecules A to B, and vice versa. In D1—D4o.9, the equivalent seg- 
ment, starting at residue 109, is ESEADNEY. The phenol rings of 
dyad-related Tyr 114 pack against each other (Fig. 2b, d) at the centre 
of the D2“—D2? interface. The Tyr 114 side chain of one molecule is 
anchored by a hydrogen bond with the side chain of the conserved 
residue Thr 206 of a dyad-related molecule. 


Figure 2 | Homophilic dimers observed in the crystal lattice. a, b, Ribbon 
diagram of the dimer in Dscam D1—D4, 34 (a) and Dscam D1—D4g 9 (b). D1 
and D4, green; D2 and D3, blue for monomer A; D1 and D4, yellow; D2 and 
D3, cyan for monomer B. Residues at symmetry centre are underlined. The 
isoform-specific interaction elements are shown as red and orange in 
molecules A and B, respectively, and are displayed in more detail along their 
respective twofold axes: ¢, the D2“-D2° interface of Dscam D1—D4, 34; d, the 
D24-D2? interface of Dscam D1—D4g 9 (blue and cyan residues are 
constant); e, the D34—D3° interface of Dscam D1-D4, 34; f, the D34_p38 
interface of Dscam D1—D4y 9. Residues involved in dimer-sustaining 
hydrogen bonds are labelled and the dyad axes are displayed as black 
ellipsoids. The figure was prepared using PyMOL (http://www.pymol.org). 
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The central structural element in the D3“—D3? interface is the 
highly variable A—A’ protrusion. In D1—D4;.34, the isoform-specific 
sequence for this segment, starting at residue 214, is TPALVQKP. 
From Ala 216 to Lys 220, the main chains of the two protomers pair 
into an anti-parallel mini B-sheet. The interaction is further stabilized 
by a symmetry-pair of specific hydrogen bonds (Lys 220°—Thr 214°). 
A pseudo-dyad runs through the middle of this B-sheet, where two 
symmetry-related Val 218 residues touch (Fig. 2e). In the DI-D4y 9 
dimer, there are, again, interactions between these opposing A—A’ 
protrusions, with a sequence of VNPQDKH starting at residue 216, 
but of a different nature. The most exposed residues Pro 218 and 
Gln 219 at the 3,9 helical turn’s acme contribute prominent contacts 
to the dimer interface (Fig. 2f). One hydrogen bond is formed 
between side chains of a symmetry-related pair of Gln 219. In both 
isoforms, we noticed only minor cross interactions between D2 
and D3, namely a salt bridge between the variable Arg 213 of D3 
and the conserved Asp 133 of D2 in D1I-D4, 34, and a similar pair 
between Arg 213 of D3 and Glu 109 of D2 (both variable residues) in 
D1-D4o 0. 

Three key features characterize the homophilic dimerization of 
both isoforms: (1) the most variable residues of epitopeI but not 
epitope II constitute the core of the dimer interface; (2) in a similar 
manner to other immunoglobulin-domain-containing adhesion 
molecules’', the interface is dominated by hydrophilic residues, 
and the binding strength is expected to be low; and (3) within the 
dimer there are separable D2“—D2° and D3*-D3?° interfaces between 
molecules A and B. These shared features are predicted to be applic- 
able to all 576 (12 D2 X 48 D3) potential homo-dimer interactions. 
Although the central contact area of dimerization is clearly defined by 
the variable residues of epitope I in the two isoform structures, their 
orientation and the significantly different extent of buried surface 
area (3,711 A? for the D1- —D4, 34 dimer and 1,220 A? for the D1— —D4o.9 
dimer) indicate a considerable diversity in the orientation and bind- 
ing strength of homophilic isoform pairs. 

Biochemical experiments indicate that Dscam homophilic binding 
is remarkably robust. However, homophilic interactions were only 
observed if the isoforms are nearly identical and contain the first eight 
immunoglobulin domains’. Therefore, the question arises as to how 
much the local intermolecular contacts of D2 and D3 in D1-D4 
homodimers (Fig. 2) contribute to the specificity of full-length 
Dscam homodimers. To address this, we introduced point mutations 
in residues critical to D2“—D2° and D3“—D3° interactions. Homo- 
philic binding was tested using a previously described bead-to-cell 
adhesion assay*. Beads that contain the entire extracellular part of 
the Dscam, 34.39 isoform bind efficiently to COS cells expressing the 
identical Dscam,.34.39 receptor but not at all to cells expressing 
Dscam 30,30 (Fig. 3a, and Supplementary Figs 8 and 9). 

In D1-D4, 34, the D24—D23 interface consists of the A’ strand 
from residues Glu 107 to His 114. Therefore, K112E and H114D 
mutations will probably disrupt the hydrogen bonding in the inter- 
face. Indeed, the bead-to-cell binding assay shows that this double 
mutation reduces homophilic binding to only 4% compared to wild 
type (Fig. 3). The D3“—D3° interface is marked by the formation of 
a mini anti-parallel B-sheet, involving four main chain hydrogen 
bonds centred at Val 218. To disrupt this mini B-sheet, we mutated 
Val 218 to a proline, which reduced the homophilic binding to only 
14% (Fig. 3a, and Supplementary Fig. 8). 

Cell adhesion often relies on highly specific multivalent inter- 
actions, composed of relatively weak single interaction pairs”’, which 
also seems to be the case for homophilic binding of Dscam. We 
mutated two residues within epitope I in tandem to alanine to reduce 
specific inter-domain hydrogen bonds. These mutations had a mod- 
erate effect on the cell adhesion properties of Dscam, reducing bind- 
ing to 68% for N111A/K112A of D2 and 74% for L217A/Q219A of D3 
(Fig. 3a, and Supplementary Fig. 8). When we combine tandem 
mutants for both domains, the reduction in adhesion is much more 
pronounced, with 31% for N111A/K112A/K220A/P221A and 10% 
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Figure 3 | Epitope | confers homophilic binding specificity. 

a, Quantification of binding of wild-type Dscam receptor and eight different 
isoform variants bearing mutations in either epitope I or epitope II to Cos 
cells expressing wild-type Dscam.34.39. Representative micrographs 
depicting bead-to-cell binding are given in Supplementary Figs 9 and 10. The 
total numbers of counted fields, each containing 50-200 cells, are given 
below each bar. Error bars indicate standard deviation (as variation between 
entire optical fields (10 X 10 microscope magnification)). ***P > 0.005, 
t-test. b, Peptide sequences for the two different Ig2 domains containing 
exon 4.1 or 4.9 (Ig2-1 or Ig2-9, respectively). Hybrid isoforms 1/9 and 9/1 
were generated by overlap-PCR from exon 4 templates. Hybrid 1/9 
incorporates the N-terminal half of exon 4 (segment A), including epitope I 
sequences from isoform 4.1, and the C-terminal half of exon 4 (segment B), 
including epitope II sequences from isoform 4.9. Hybrid 9/1 incorporates 
the equivalent 4.9 and 4.1 sequences. The structural model shows the 
distinct spatial separation of peptide segments. c, Bead-to-cell binding assays 
were performed (see Supplementary Figs 9 and 10) using Dscam protein 
with either wild-type Ig2-9 and Ig2-1 sequences (left panels) or hybrid 
sequences (middle and right panels for hybrid design see b). The schematics 
next to the micrographs indicate exon combinations (exon 4 in red or green 
boxes) of the proteins tested. Both hybrid proteins fully retained their 
homophilic binding capabilities as indicated by robust binding of beads to 
cells (arrows). Full binding was observed only when epitope I sequences were 
matching. Homophilic binding of beads to cells was indistinguishable from 
‘donor’ wild-type isoforms, even if epitope II sequences were completely 
different. In contrast, binding was completely abolished with non-matching 
epitope I but matching epitope II sequences. 
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for D109A/N111A/L217A/Q219A. We also mutated several surface- 
exposed residues of epitope II. In this case, binding assays revealed no 
difference in adhesion between wild type and the two quadruple 
mutant isoforms E145A/N147A/M225A/V226A and N147A/F149A/ 
H228A/T229A (Fig. 3a, and Supplementary Fig. 8). 

To confirm further that epitope I determines binding specificity, 
we generated hybrid receptor isoforms swapping either the N- 
terminal segment of D2 (segment A, containing epitope I; Fig. 3b) 
or the C-terminal segment of D2 (segment B, containing epitope II; 
Fig. 3b). We found that hybrid 1/9 (exon 4.1 N terminus; exon 4.9 C 
terminus) can only bind to isoform Dscam 34.39 but not to isoform 
Dscamg 34.30 (Fig. 3c). In contrast, hybrid 9/1 (exon 4.9 N terminus; 
exon 4.1 C terminus) will not bind to Dscam, 34.39 but binds well to 
Dscamg,34.39. Hybrid isoforms bearing identical epitope I] but differ- 
ent epitope I sequences did not show binding to wild-type isoforms 
(Fig. 3c). Therefore, homophilic binding specificity in these hybrid 
receptors is determined by the epitope I sequence. 

Because the presented structures document only 2 of the 576 pos- 
sible exon 4/exon 6 combinations, we sought to potentially discern a 
general trend by using a phylogenetic comparison, expecting that the 
proposed functional differences between epitopeI and epitope II 
sequences are reflected in differential sequence conservation. We 
analysed the sequence conservation” of epitopeI and epitope II 
among Drosophila species and determined the variability among 
paralogues as well as orthologues (Fig. 4, and Supplementary Figs 
11, 12). Alignments of 12 orthologues of the Drosophila melanogaster 
isoform 6.34 show high conservation for residues along the A—A’ 
protrusion of D3 (epitope I sequence), but low conservation of resi- 
dues along the B strand of D3 (epitope II sequence) (Fig. 4, and 
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Figure 4 | Phylogenetic comparison reveals differential sequence 
conservation of epitopes I and Il. a, Sequence logo representation” of the 
conservation of exon 6 isoforms (paralogues) within Drosophila 
melanogaster. A total of 38 isoforms that encode exactly 40 amino acids were 
used for comparison. Bits, on the y axis, indicates units for evolutionary 
conservation’. b, Sequence logo representation of the conservation of 39 
amino acids among orthologues of exon 6.34 in the Drosophila subgroup. 
c, Average interspecies conservation of amino acid sites in exon 6. The 
analysis includes exon 6 isoforms for which orthologies could be established. 
Average values for 41 data sets (each calculated from at least 8 aligned 
species) are plotted. Sites with the highest bit score are conserved between all 
species. Epitopes I and II are shaded in all panels 
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Supplementary Fig. 10). In concurrence, orthologues of isoform 
4.1 show high conservation for epitope I along the A’ strand of D2, 
but low conservation for epitope II along the C’—-D° unit of D2 
(Supplementary Figs 11, 12). The sequences of epitope I segments 
potentially involved in homophilic interactions are, therefore, highly 
conserved between species, whereas the sequences that constitute 
epitope II are more divergent. 

In summary, we have provided a structural analysis of the 
recognition specificity of two variable immunoglobulin domains of 
Drosophila Dscam. Although the D1—D4 structures reported here 
contain only two variable domains, and it remains to be determined 
how D7 contributes to binding, our biochemical analysis in the con- 
text of the full-length Dscam receptor (Fig. 3) is consistent with an 
essential contribution of the variable peptide segments of epitope I to 
the homophilic-binding specificity of Dscam. Swapping the peptide 
segment containing epitopeI but not epitope II resulted in a full 
switch in binding specificity between two isoforms. This strongly 
suggests that in a Dscam dimer the matching epitopeI peptides 
enable binding, and non-matching ones inhibit homophilic binding, 
thereby functioning as a specificity module. The strong sequence 
conservation of epitope I residues is consistent with a high evolution- 
ary selection pressure preserving a limited set of homophilic-binding 
interfaces. Although an involvement of epitope II in binding of non- 
Dscam ligands has not been tested experimentally, the apparently 
faster-evolving sequence variability in epitope II would be consistent 
with immune receptor adaptations to dynamic alterations in host— 
pathogen interactions. We therefore hypothesize that this structural 
separation of homophilic and heterophillic binding (that is poten- 
tially self and non-self recognition) in Dscam may have enabled the 
parsimonious use of the same gene in creating a large receptor diver- 
sity in both the nervous system and immune system. 


METHODS SUMMARY 


Dscam constructs were expressed both in Pichia pastoris and the baculovirus 
expression system (Invitrogen). For electron microscopy, uranyl formate was 
used for negative staining, as described'°. The X-ray structure of the DI-D4, 34 
construct was solved by multiple anomalous dispersion on a K,PtCl, derivative 
at the X25 beamline of the National Synchrotron Light Source, and refined to a 
final R factor of 17.3% (Rgree = 20.5%). The X-ray structure of the D1-D4, 34 
construct was solved by molecular replacement and refined to a final R factor of 
27.1% (Réree = 30.3%). The sequence analysis is described in the Supplementary 
Information. The cloning and protein purification of the full-length extracellular 
mutant constructs of Dscam, as well as the bead aggregation assays, were done as 
described* with some modification described in detail in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cloning, expression and protein purification for structural studies. 
Nucleotide sequences encoding Dscam D1—D4;34 and D1—D4p 9 were amplified 
from complementary DNA plasmids by PCR. Two plasmids containing combi- 
nations of alternative exons 4 and 6 (4.1&6.34 and 4.9&6.9) were used as tem- 
plates. An N-terminal His-tag followed by a TEV-protease recognition site and 
Sacl and HindIII restriction sites were added. Recombinant baculovirus was 
generated by recombination with Bac-N-Blue DNA by Invitrogen. Virus was 
amplified in Spodoptera frugiperda (SF9) cells (Invitrogen) and High five cells to 
a density of 1.5 X 10° cells ml”! and infected with the recombinant baculovirus 
at a multiplicity of infection between 1 and 10. At 72h post infection, cells were 
spun down and the medium was filtered using a 0.22 um CA membrane 
(Corning) and dialysed overnight against PBS, pH 7.0, supplemented with 
100 mM NaCl. The medium was loaded on a Ni-NTA column (Qiagen) equili- 
brated with PBS, pH 7.0, 100 mM NaCl and 10 mM imidazole by gravity flow. 
Recombinant Dscam was eluted with PBS, pH 7.0, 100 mM NaCl and 200 mM 
imidazole. The His-tag was cleaved with TEV protease (Invitrogen) and sub- 
sequently removed by another run over the Ni-NTA column. Any remaining 
contaminating proteins were removed by gel filtration using a Superdex 200 
column. The protein was concentrated to 20mg ml! in 20 mM Hepes buffer, 
pH 7.4. 

The inducible eukaryotic Pichia pastoris expression system (EasySelect, 
Invitrogen) was also used to produce the N-terminal-eight-domain constructs. 
Dscam D1-D8 constructs were cloned into pPCIZa (Invitrogen) with an 
N-terminal His(6)-tag followed by a TEV-protease recognition site. For trans- 
formation, electrocompetent Pichia cells were prepared according to a standard 
protocol (Invitrogen) and 6-15 jg of the expression plasmid, linearized with 
Pmel (NEB), was added to 80 ll of cells and incubated on ice for 10 min. Cells 
were electroporated using a Micropulser (Biorad) and cells were resuspended 
carefully in 1 ml of cold 1M sorbitol solution. Cells were allowed to recover at 
30 °C without shaking for 1h and another 30 min after addition of 500 tl YPD- 
medium. Cell suspension (120 pl) was plated on YPD-agar plates containing 
100 tg or 300 lug of zeocin, and plates were screened for colonies after 3-4 days. 

For expression screening of clones, colonies were picked and resuspended into 
4 ml of BMGY-medium in deep 24-well plates (Whatman) and grown for 24h. 
Cells were allowed to settle and the medium was exchanged for 1 ml BMMY to 
induce expression. Medium was harvested and spun after 16-20 h and loaded on 
a 412% Bis-Tris gel under denaturing conditions. For large-scale protein pro- 
duction, strongly expressing clones were grown in 500 ml BMGY for 24h, spun, 
and resuspended in 100 ml BMMY. After 20h, cells were spun down, medium 
was filtered and the recombinant protein was purified using Ni-NTA (Qiagen) 
affinity-chromatography. After washing with 12 bed volumes of HEPES, pH 7.5, 
buffer was supplemented with 100 mM NaCl and 25 mM imidazole. Protein was 
eluted with HEPES, pH 7.5, 100mM NaCl and 250 mM imidazole. Typically, 
yields were 30-60 mg1” '. For removal of the N-terminal His-tag, the protein was 
incubated for 24h at room temperature with recombinant TEV-protease 
(Invitrogen). 

Crystallization and structure determination. Crystals of Dscam D1—D4;.34 
were grown in 1.5M ammonium sulphate and 0.1 M Hepes buffer at pH 7.5. 
Three crystal forms were obtained (P4222: a= b= 99.2 A, c= 164.0 A; 14,22: 
a=b=146.7A, c=325.5A; C222), including the His-tag: a=99.8A, b= 
166.8A, c= 125.6 A). Crystals of Dscam D1-—D499 were grown in 10% PEG 
8000, 1 mM spermidine and 0.1 M Tris-HCl at pH 8.5 in space group C2 with cell 
dimensions of a = 277.8 A, b=70.5 A, c=72.8Aand B = 105.1°. Native data were 
collected with a Quantum Q315 CCD detector (ADSC) at the 19ID beamline at the 
Advanced Photon Source. Multi-wavelength anomalous dispersion data were col- 
lected from the 14,22 crystal form of D1-D4,34 with a Quantum Q315 CCD 
detector (ADSC) at the X25 beamline at the Brookhaven National Synchrotron 
Light Source. Three wavelengths were used (see Supplementary Table 1), and data 
were processed and scaled with HKL2000 (ref. 23). The Pt sites were located with 
SHELXD* using data from 12 to 3.7 A. The phases were refined with SHARP” toa 
resolution of 3.5A with a Figure of Merit of 0.38. The phased map was solvent- 
flattened and averaged with DM” to 3.5 A resolution along the translation vector 
(0.0, 0.0, 0.5) as obtained from the native Patterson. Iterative cycles of manual 
model building with Xtalview” and multi-crystal averaging with DMMULTI® 
were performed and model refinement was switched to the P4222 crystal form, 
extending to 2.0 A resolution. Arpwarp”’ was used to further improve the map by 
iterative rebuilding (in the molrep mode) and subsequent tracing of the model. A 
total of 350 out of 388 residues were automatically traced, and 349 side chains 
docked. The model was completed manually and refined to an R-factor of 17.3% 
(Ree 20.5%) with Refmac5 (ref. 30) using a bulk solvent correction, including 
hydrogens and TLS refinement. The final model contains 388 amino acid residues, 
two glycans and 709 water molecules. The Ramachandran statistics indicate 98.3% 
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of the residues are in the most-favoured region and 1.7% of the residues are in the 
generously allowed region. The Dscam D1—D4, 9 structure was solved by molecu- 
lar replacement with MOLREP* using Dscam D1—D4j.34 as a search model. The 
structure was refined at 3.0 A to an R-factor of 27.1% (Ree 30.3%) with PHENIX®! 
using non-crystallographic symmetry and B group refinement, and contains 391 
residues. The Ramachandran statistics indicate 96.8% of the residues are in the 
most-favoured region and 3.2% of the residues are in the generously allowed 
region. 

Electron microscopy and image processing. Dscam constructs D1—D4 and D1- 
D8 were prepared for electron microscopy using the conventional negative- 
staining protocol’. Briefly, 3 ul of sample were adsorbed to a glow-discharged 
carbon-coated copper grid and stained with 0.75% uranyl formate. The sample 
was imaged with a Tecnai T12 electron microscope equipped with a LaB, fila- 
ment and operated at an acceleration voltage of 120 kV. Images were recorded 
using low-dose procedures at a magnification of 52,000 and a defocus value of 
about — 1.5 jum (Supplementary Fig. 2). Micrographs were digitized with a Zeiss 
SCAI scanner using a step size of 7 tum. Pixels (2 X 2 and 3 X 3) were averaged to 
obtain a pixel size of 2.7 A and 4.05 A on the specimen level for DI-D4 and D1- 
D8, respectively. For the projection analysis 12,093 D1—D4 particles and 5,799 
D1-D8 particles were interactively selected from images using the display pro- 
gram WEB, which is associated with the SPIDER program suite’. The DI-D4 
particles were windowed into 90 X 90 pixel images and the D1—D8 particles into 
120 X 120 pixel images, and subjected to 10 cycles of multi-reference alignment 
and K-means classification specifying 50 output classes for D1—D4 and 100 
classes for D1-D8. 

Sequence analysis. Genomic sequence data were obtained by BLASTN and 
TBLASTN searches using Flyblast (http://flybase.net/blast/) and the NCBI trace 
archive. Genomic sequences of the following species were used for the analysis: 
D. melanogaster, D. simulans, D. sechellia, D. yakuba, D. erecta, D. ananassae, 
D. pseudoobscura, D. persimilis, D. willistoni, D. mojavensis, D. virilis, D. grim- 
shawi. Protein sequences were aligned by CLUSTALW™ and sequence logos were 
generated with WebLogo (http://weblogo.berkeley.edu/), using a small-sample 
correction. 

Cloning and protein expression of full-length extracellular mutant constructs 
for bead aggregation assays. The pIB-EC16-Fc and the pcDNA3-Dscam-1.30.30 
vectors were a gift from W. Wojtowicz and L. Zipursky. The pIB-EC16-Fc con- 
tains a Dscam construct encoding the full-length extracellular domain with the 
exon combination exon 4.1, exon 6.30 and exon 9.30 (termed 1.34.30) as well as 
the Fc region of human IgG inserted into the pIB vector (pIB-EC16-Fc). A 
fragment containing Dscam immunoglobulin-domains d2-d5 was excised from 
pIB-EC16-Fc by restriction digest with Mfel and AatlI. Dscam isoform 1.34.30 
was amplified from a full-length Dscam construct”®, cut with Mfel and AaflI and 
ligated into pIB-EC16-Fc. All point mutants for d2 and d3 were introduced by 
overlap PCR using Dscam 1.34.30 as a template (primer sequences are available 
on request). Dscam exon6 in the pcDNA3-Dscam-1.30.30 was swapped by 
restriction digest cloning using Nhel and KpnI sites to obtain pcDNA3- 
Dscam- 1.34.30. 

S2 cells in serum-free medium (Gibco) were transfected with pIB-EC16-Fc 
wild-type and mutant constructs using Cellfectin (Invitrogen). After 3 days, 
stably transfected cells were selected for by adding 30ugml | Blasticidine 
(Sigma). After 1 week of selection, cells were expanded and the medium contain- 
ing recombinant protein was harvested every two days. EC16-Fc proteins were 
captured and affinity-purified with protein A Sepharose (RepliGen), washed 
with PBS, and eluted with 100 mM glycine, pH2.8, followed by neutralization 
with 1 M Tris, pH8,. Protein integrity and purity was tested by Coomassie stain- 
ing and protein concentrations were calculated by spectroscopy. 

Hybrid isoforms were generated by overlap PCR using the isoforms 1.34.30 

and 9.34.30 as template. Vectors, expression and protein purification were ident- 
ical to wild-type isoforms described above. Primer and plasmid sequences are 
available on request. 
Binding of beads to Cos cells. The binding-assay was carried out essentially as 
described* with some modifications: Cos-7 cells were grown in DMEM, 10% 
FCS, plated on round microscope coverslips in 24-well plates, grown to 70-80% 
confluency, and transfected with 300 ng pcDNA3-Dscam-1.34.30 and 130ng 
pcDNA3-GFP per well using the Fugene 6 transfection reagent (Roche). 

Red fluorescent sulphate polystyrene microspheres (125 pl; Duke Scientific) 
with a diameter of 0.39 um and a stock concentration of 2% solids were washed 
in PBS and coated with a mouse anti-human IgG Fc antibody (Abazyme) 
overnight at 4°C, washed again and resuspended in 250 pl of PBS, 0.1% BSA. 
Beads were further diluted 20-fold in PBS, 0.1% BSA and briefly sonicated. 
Twenty microlitres of beads were then incubated in a total volume of 100 pl 
PBS, 0.1% BSA with 5 pgml~' Dscam wild-type or mutant proteins for 2h at 
15°C with 600r.p.m. agitation. Dscam-coated beads were sonicated in a cup 
horn and added to the Cos cells in DMEM containing 10% FCS at a final bead 
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concentration of 0.002% solids. Cells were allowed to bind beads for 2 h at 37 °C, 
followed by 5 washing steps with DMEM. Cover slips were mounted on micro- 
scope slides for imaging. 

Image analysis and quantification. Cells were imaged with a Zeiss Axioskop 
fluorescence microscope: Random fields with GFP-positive cells were selected 
and corresponding images of the green (cells) and red (beads) channels were 
saved. Images were processed and scrambled for blind manual counting. For 
each field the total number of GFP-expressing cells and GFP-positive, ‘binding’ 
cells was determined. A cell was called ‘binding’ if it was covered with at least ten 
beads and if the beads resembled the cell shape (that is, a large cell binding beads 
in only a small area was not called ‘binding’). Next, the percentage of all binding 
cells was calculated by adding total cells and binding cells from all fields for a 
given mutation. About 20% of cells were binding cells if incubated with 1.34.30 
wild-type beads. To aggregate data from experiments that were performed on 
different days, binding was expressed as ‘binding as a per cent of 1.34.30 wild- 
type binding’. Variation within the experiment was assessed for each mutant 
protein by calculating the sample standard deviation of the percentage of binding 
cells for each field. The total number of cells that were counted for each mutation 
is: K112E, H114D, 1,103; V218P, 1,408; DIO9A, N111A, L217A, Q219A, 1,986; 
N111A, K112A, K220A, P221A, 1,895; N111A, K112A, 2,313; L217A, Q219A, 
1,760; E145A, N147A, M225A, V226A, 1,620; N147A, F149A, H228A, T229A; 
1,755; 1.34.30 wild type, 3,938; 1.30.30 wild type, 241. 
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Crystal structure of the heterotrimer core of 
Saccharomyces cerevisiae AMPK homologue SNF1 


Gabriele A. Amodeo’*, Michael J. Rudolph'* & Liang Tong’ 


AMP-activated protein kinase (AMPK) is a central regulator of 
energy homeostasis in mammals and is an attractive target for 
drug discovery against diabetes, obesity and other diseases’~. 
The AMPK homologue in Saccharomyces cerevisiae, known as 
SNF1, is essential for responses to glucose starvation as well as 
for other cellular processes, although SNF1 seems to be activated 
by a ligand other than AMP’**. Here we report the crystal struc- 
ture at 2.6A resolution of the heterotrimer core of SNF1. The 
ligand-binding site in the y-subunit (Snf4) has clear structural 
differences from that of the Schizosaccharomyces pombe enzyme’, 
although our crystallographic data indicate that AMP can also 
bind to Snf4. The glycogen-binding domain in the p-subunit 
(Sip2) interacts with Snf4 in the heterotrimer but should still be 
able to bind carbohydrates’*’. Our structure is supported by a 
large body of biochemical and genetic data on this com- 
plex'**'*"8, Most significantly, the structure reveals that part of 
the regulatory sequence in the a-subunit (Snf1)"*'*”” is seques- 
tered by Snf4, demonstrating a direct interaction between the a- 
and y-subunits and indicating that our structure may represent 
the heterotrimer core of SNF1 in its activated state. 

Most AMPKs (including SNF1) are heterotrimeric enzymes, con- 
sisting of one catalytic subunit («) and two regulatory subunits (f 
and ¥; Fig. la, and see Supplementary Figs 1—3 for alignment of their 
sequences). The Ser/Thr protein kinase domain is located at the 
amino terminus of the a-subunit”’!, and a regulatory sequence 
helps to control the activity of this enzyme’*'®'*"”. The B-subunit 
contains a glycogen-binding domain (GBD) that may target the 
heterotrimer to glycogen storage sites'®''’. The y-subunit contains 
two tandem pairs of the cystathionine-B-synthase (CBS) motifs, each 
of which is also known as a Bateman domain’. Binding of AMP or 
ATP to the y-subunit regulates the activity of the protein kinase 
domain in the «-subunit. This is supported by the observations that 
mutations in the y-subunit can affect nucleotide binding and cause 
diseases'?***°, 

We have determined the crystal structure of the heterotrimer core 
of S. cerevisiae SNF1 at 2.6A resolution. The expression construct 
contains residues 398-633 of the «-subunit (Snf1, lacking the protein 
kinase domain), residues 154-415 of the B-subunit (Sip2), and the 
entire y-subunit (Snf4, residues 1-322; Fig. 1a). (We are following the 
convention of using SNF1 to indicate the heterotrimer and using 
Snfl to indicate the o-subunit®.) The three subunits were expressed 
together in Escherichia coli from a single plasmid, and they purified 
together through Ni’*-affinity and gel-filtration chromatography 
(Supplementary Fig. 4). The refined structure has excellent agree- 
ment with the crystallographic data and the expected bond lengths, 
bond angles, and other geometric parameters (Supplementary Table 
1). Most of the residues (82%) are in the most favoured region of the 
Ramachandran plot. 


The structure shows that there are intimate interactions among the 
three subunits in the heterotrimer, as observed previously with the S. 
pombe enzyme’. A central component of this heterotrimer interface is 
an eight-stranded, mostly antiparallel B-sheet, formed with four 
strands from Snfl (residues 531-586), three strands from Sip2 (from 
the extreme C-terminal region, residues 375-412) and one strand 
from Snf4 (residues 38-45, the first B-strand of CBS1, B1A; Fig. 1b 
and Supplementary Fig. 5). The hydrophobic core of this interface is 
located between the B-sheet and two helices from Snfl1 (residues 515— 
529 and 612-630). The two neighbouring strands of the B-sheets in 
Snfl and Sip2 share only a few hydrogen bonds at one end, and are 
splayed apart from each other at the other end (Fig. 1b and 
Supplementary Fig. 5). Residues 504-511 of Snfl form two small 
B-strands (shown in red in Fig. 1b, because they are part of the 
regulatory sequence) that interact with the open ends of the two 
B-sheets, providing further stabilization of the heterotrimer. 
Additional interactions between the three subunits are mediated by 
the B-hairpin structures in the B-sheets of the Bateman1 domain of 
Snf4 (Fig. 1b and Supplementary Fig. 5). Our structure of the hetero- 
trimer core is supported by a large body of biochemical and genetic 
studies on SNF1 (refs 6, 14, 15, 17). 

We have observed new structural features for the AMPK hetero- 
trimer from our studies, because the expression construct for the 
SNF1 complex contains about 100 more residues for the o%-subunit 
and 160 more residues for the B-subunit than those of the S. pombe 
enzyme structure’. Most importantly, the structure shows that 
residues 460-495 of Snfl have well-defined interactions with Snf4, 
including an antiparallel B-sheet between residues 467-469 of 
Snfl and residues 270-275 of Snf4 (the first B-strand of CBS4, 
B4A; Fig. 1b and Supplementary Fig. 6). This demonstrates a direct 
interaction between the a- and y-subunits in SNF1, which is 
supported by earlier biochemical and genetic data’. The L470S 
mutation in Snfl, which can disrupt this interaction"’, is located in 
the interface between Snfl and Snf4 in our structure (Fig. 1b and 
Supplementary Fig. 6). This direct interaction has significant impli- 
cations for the regulation of the protein kinase activity of SNF1, 
because residues 460-495 are part of the regulatory sequence of 
Snfl (see below). 

Another new feature of our structure is the presence of the GBD in 
the B-subunit (Sip2; Fig. 1a). The GBD has close interactions with the 
rest of the heterotrimer, primarily with the N-terminal region (the 
first helix and the following loop) and a helix («2B) in CBS2 of Snf4 
(Fig. 1b). Residues in the hydrophobic core of this interface are 
mostly conserved, indicating that the GBD may also have a similar 
conformation in mammalian AMPKs. The putative binding site for 
carbohydrates, as revealed by the binding of B-cyclodextrin"®, is 
exposed to the solvent and should be available for binding ligands 
in this complex (Fig. 1b). 
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Besides these new structural features, the overall structure of the S. 
cerevisiae SNF 1 heterotrimer is similar to that of the S. pombe AMPK 
reported recently (Fig. 1c)’. The root mean squared distance for 280 
equivalent Co atoms in the ‘y-subunits of the two structures is 1.4 A, 
and that for 142 equivalent Ca atoms in the a- and B-subunits is 
1.2 A. However, there is a significant difference in the positions of the 
a- and B-subunits relative to the y-subunit in the two structures 
(Fig. 1c), corresponding to a rotation of about 12°. Whereas all the 
loops in the S. pombe structure are defined, many of the loops in the 
structures of the Snfl and Sip2 subunits are missing in the current 
SNF1 structure as a result of disorder (Fig. 1b). 

The two Bateman domains in the y-subunit are arranged ina head- 
to-head fashion, with an extensive, hydrophobic interface between 
them formed by two helices (aA and «B) from each CBS motif 
(Fig. 2a). (The secondary structure elements in the CBS motifs are 
named in accordance with the convention devised previously*®.) The 
first CBS motif is much larger than the second one in each Bateman 
domain (Fig. 1a), because it contains an extra crossover connection 
and an extra helix (aC; Fig. 2a)°°. Overall, the y-subunit has the shape 
of a disc, with a diameter of about 55 Aanda thickness of about 30 A. 

Earlier structural studies of the Bateman2 domain alone, from S. 
cerevisiae” and from humans?”’, showed a homodimer, and the over- 
all shape of this dimer is also a disc (Fig. 2b). However, the two 
monomers are arranged in a head-to-tail fashion, even though the 
same two helices (#A and «B) are used for the formation of the dimer. 
The structure of the Bateman2 domain in this homodimer is very 
different from that in full-length Snf4, with a root mean squared 
distance of 1.3 A for 113 equivalent Co. atoms (Fig. 2c). The largest 
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structural differences are for the two helices (aA and «B) that mediate 
the dimeric association. Nonetheless, the human Bateman2 domain 
homodimer can bind two AMP molecules, obeying the two-fold 
symmetry of the dimer”’. 

We included 1 mM AMP in the crystallization solution but did not 
observe any electron density for it in this crystal. A comparison of our 
structure with that of S. pombe AMPK in complex with AMP’ reveals 
that there are main-chain and side-chain differences between them in 
the AMP-binding site (Fig. 3). The phosphate group of AMP inter- 
acts with the side chains of three Arg residues in S. pombe AMPK° 
(Fig. 3). One of them is equivalent to Arg 143 in Snf4, whose side 
chain clashes with the AMP molecule in the S. pombe enzyme (Fig. 3). 
The second Arg residue is equivalent to Gly 145 in Snf4 (Fig. 3) anda 
His residue in the mammalian y-subunits (Supplementary Fig. 3). 
Mutation of this His residue to Gly is sufficient to make the mam- 
malian enzyme insensitive to AMP”*. Mutation of this His residue to 
Arg in the y2-subunit is linked to the Wolff—Parkinson—White syn- 
drome and reduces the affinity for the nucleotide”. The third Arg 
residue, Arg 294 in Snf4, also corresponds to the site of a disease- 
causing mutation in human AMPK. Two other disease-causing 
mutations in mammalian y-subunits, equivalent to Val63 and 
Thr 166 in Snf4, are located in a pocket on the opposite face of the 
Snf4 disc (Fig. 3). 

Crystallographic analysis on diffraction data at 3.3 A resolution 
collected on another crystal, grown under the same conditions but 
with large differences in unit cell parameters, revealed the presence of 
an AMP molecule in Snf4 (Supplementary Fig. 7), at essentially the 
same position as that observed in the S. pombe enzyme (Fig. 3). The 


Figure 1 | Structure of the heterotrimer core of S. 
cerevisiae SNF1. a, Domain organization of SNF1 
YO subunits. Residues that are included in the co- 
expression construct are shown in colour, and the 
others are shown in grey or black. KD, protein 
kinase domain; RS, regulatory sequence. 
b, Schematic representation (stereo view) of the 
heterotrimer core of SNF1. The regulatory 
sequence of the «-subunit (Snf1) is shown in red 
and the rest is in yellow; the GBD of the B-subunit 
(Sip2) is shown in cyan and the rest is in magenta; 
and the y-subunit (Snf4) is shown in green. The 
positions of AMP (stick model in black), as 
observed from our studies and in the S. pombe 
\ enzyme’, as well as that of B-cyclodextrin (in 
grey) as bound in the rat GBD", are shown for 
reference. c, Superposition of the structures of S. 
cerevisiae SNF1 (coloured as in b) and S. pombe 
\ AMPK (in grey)’. The superposition is based on 
the y-subunits only. Red arrows point to new 
features in the SNF1 structure, and blue arrows 
point to differences between the two structures. 
Produced with Ribbons’. 
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Figure 2 | Large conformational differences for the Bateman2 domain of 
Snf4. a, Structure of the Snf4 subunit, consisting of a Bateman1:Bateman2 
‘heterodimer’. The secondary structure elements are named in accordance 
with the system devised earlier”’. b, Structure of the Bateman2-domain 


side chain of Arg 143 is disordered in this complex, and the phos- 
phate group does not seem to have many strong interactions with 
Snf4. It remains to be determined whether the binding of AMP to 
Snf4 occurs in solution and why this binding does not seem to affect 
the activity of the SNF1 heterotrimer. 

The S. pombe enzyme has been reported to be a dimer in the crystal 
and in solution’. Our crystal of the S. cerevisiae enzyme also contains 
a dimer, although the mode of dimerization is different from that of 
the S. pombe enzyme (Supplementary Fig. 8). The buried surface area 
for this dimeric association is relatively small, only about 600 A” per 
monomer. The heterotrimer is probably monomeric in solution, 
which is consistent with our gel-filtration data. 
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dimer of Snf4 (ref. 26). The two monomers are arranged in a head-to-tail 
fashion. ¢, Overlay of the structures of the Bateman2 domain in full-length 
Snf4 (in green) and in the homodimer (in grey). Produced with Ribbons”. 


Our structure of the SNF1 heterotrimer core has significant impli- 
cations for the regulation of the protein kinase activity of this 
enzyme. Previous studies suggested that residues 381-518 of Snfl 
represent a regulatory sequence'*’*. Residues 313-335 in the a1- 
subunit of mammalian AMPK (equivalent to residues 367-392 in 
Snfl; Supplementary Fig. 1) may auto-inhibit the protein kinase 
domain, although additional regions also contribute to the regu- 
lation’®'’. The biochemical data show that the regulatory sequence 
may control both the inhibition and the activation of SNF1. It inter- 
acts with and inhibits the protein kinase domain in the inactive form 
of AMPK/SNF1, perhaps by binding in the active site groove 
(Supplementary Fig. 9) or by interacting with the small lobe of the 


Figure 3 | Structure of the ligand-binding site in S. cerevisiae Snf4. Stereo- 
view overlay of the structures of the y-subunits of S. cerevisiae SNF1 (Snf4, in 
green) and S. pombe AMPK (in grey)’. The position of AMP is observed in 
the S. pombe structure’, as well as from our studies. Residues that could 
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interact with AMP are shown, and those that are equivalent to disease- 
causing mutations in mammalian y-subunits are labelled in red. Produced 
with Ribbons”. 
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protein kinase domain’’. On activation, the regulatory sequence 
establishes strong interactions with Snf4, thereby relieving the inhibi- 
tion on the protein kinase domain’. A simple model based on our 
structure that is consistent with these data is shown in Supplementary 
Fig. 9. 

Our structure reveals that residues 465-495 in the regulatory 
sequence are sequestered by Snf4 (Fig. 1b and Supplementary Fig. 
6), indicating that this structure might correspond to the heterotri- 
mer core of activated SNF1 (Supplementary Fig. 9). Further support 
for the importance of this interaction comes from the observation 
that one of the disease-causing mutations in the y2-subunit of 
mammalian AMPK, namely N488I (equivalent to Asn 251 in Snf4; 
Supplementary Fig. 3), is located near this part of the regulatory 
sequence (Fig. 1b). Mammalian AMPKs might therefore use a similar 
regulatory mechanism, although their sequences in this region are 
poorly conserved in comparison with Snfl (Supplementary Fig. 1). 
Residues 496-518 of the regulatory sequence in Snfl were found to be 
required for interaction with the protein kinase domain but not with 
Snf4 (ref. 15), which is consistent with our structural observations 
(Fig. 1b). It remains to be determined how the regulatory sequence 
is recognized by the protein kinase domain in the inactive form 
of SNF1/AMPK, and how the binding of different ligands to the 
y-subunit can control its interaction with the regulatory sequence 
(Supplementary Fig. 9). Our structure shows that the AMP-binding 
site and the regulatory sequence are located on opposite faces of the 
Snf4 disc (Fig. 1b). Our structural information will also be helpful in 
characterizing, at the molecular level, other mechanisms for the regu- 
lation of this heterotrimeric enzyme’**””. 


METHODS SUMMARY 


S. cerevisiae Snf1 (residues 398-633), Sip2 (residues 154-415) and Snf4 (residues 
1-322) were expressed together by using a tri-cistronic expression system in the 
pET28a vector (Novagen) (Fig. 1a). The soluble protein was purified by Ni?*- 
affinity and gel-filtration chromatography. The protein was concentrated to 
15mgml ' in a solution containing 50 mM Tris-HCl pH 8.5, 150mM NaCl, 
5 mM dithiothreitol and 5% (v/v) glycerol, and then stored at —80 °C. 

Crystals of the heterotrimeric complex were obtained by the hanging-drop 
vapour-diffusion method at 21 °C. The reservoir solution contained 250 mM 
ammonium citrate pH 7.0 and 15% (w/v) PEG3350. The protein solution was 
supplemented with 1 mM AMP. The crystals belong to space group C2, with unit 
cell parameters of a = 112.3 A, b=81.8A, c= 174.7 Aand B = 102.2°. There are 
two copies of the heterotrimer in the crystallographic asymmetric unit. X-ray 
diffraction data were collected at the X29A beamline of the National Synchrotron 
Light Source (NSLS). The data processing statistics are summarized in Supple- 
mentary Table 1. 

The structure was solved by the molecular replacement method, using 
the structures of the S. pombe heterotrimer’ as well as the GBD of the rat B1- 
subunit" as the models. After structure refinement, the models were modified to 
fit the electron density and sequence of S. cerevisiae SNF1, and additional resi- 
dues that were not in the search models were located. The refinement statistics 
are summarized in Supplementary Table 1. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Protein expression and purification. The three subunits of S. cerevisiae SNF1 
(residues 398-633 of Snfl, residues 154-415 of Sip2 and residues 1-322 of Snf4) 
were expressed together using a polycistronic expression system in the pET28a 
vector (Novagen) (Fig. la).The boundaries of each subunit were defined by 
sequence and secondary structure analysis as well as by experimental sampling 
of different start sites for the Snfl and Sip2 subunits. Sip2 carried an N-terminal 
hexahistidine tag. The proteins were overexpressed in E. coli BL21 (DE3) Rosetta 
cells at 20°C and purified by Ni’*-affinity and gel-filtration chromatography. 
The protein was concentrated to 15 mg ml! in a buffer containing 50 mM Tris- 
HCl pH8.5, 150mM NaCl, 5mM dithiothreitol and 5% (v/v) glycerol. The 
protein sample was divided into small aliquots, flash-frozen in liquid nitrogen 
and then stored at —80 °C. The N-terminal hexahistidine tag was not removed 
for crystallization. SDS gel electrophoresis on the purified protein showed that 
the three subunits are present at roughly equal molar concentrations (Supple- 
mentary Fig. 1b). 

The selenomethiony! protein was produced by using a methionine auxotroph 
in the defined LeMaster medium”’, and purified by following the same protocol 
as that for the native protein. 

Protein crystallization. Crystals of the S. cerevisiae SNF 1 heterotrimer core were 
obtained by the hanging-drop vapour diffusion method at 21 °C. The reservoir 
solution contained 250 mM ammonium citrate pH 7.0 and 15% (w/v) PEG3350, 
and 1 mM AMP was included in the protein solution. Micro-seeding was crucial 
for producing crystals of sufficient size for structural studies. The crystals were 
cryoprotected in the reservoir solution supplemented with 12.5% (w/v) 
PEG3350, and flash-frozen in liquid nitrogen for data collection at 100 K. The 
crystals belong to space group C2, and the unit cell parameters of the crystal used 
for data collection are a= 112.3 A, b= 81.8 A, c= 174.7 A, and B= 102.2°. 
There are two copies of the SNF1 heterotrimer core in the crystallographic 
asymmetric unit. 

Data collection and processing. A native data set to 2.6A resolution and a 
selenomethionyl single-wavelength anomalous diffraction (SAD) data set to 
3.5A resolution were collected on an ADSC CCD at the X29A beamline of the 
National Synchrotron Light Source (NSLS). The diffraction images were pro- 
cessed and scaled with the HKL package*’. The data processing statistics are given 
in Supplementary Table 1. 

Structure determination and refinement. The structure of SNF1 heterotrimer 
core was solved by the molecular replacement method with the program 
Phaser**. The structures of the S. pombe heterotrimer™ as well as the GBD of 
the rat B1-subunit®* were used as the models. The structure refinement was 
performed with the programs CNS” and Refmac’’. The models were manually 
modified to fit the electron density as well as the sequence of S. cerevisiae SNF1, 


nature 


using the programs O** and Coot”. Additional residues that were not in the 
search models were also located. Non-crystallographic symmetry restraints were 
applied at the beginning stages of the refinement, but were released in the later 
stages with only minor effects on the R and free R values. The correctness of the 
structure solution was confirmed by anomalous difference electron density maps 
calculated based on the selenomethionyl SAD data. The refinement statistics are 
presented in Supplementary Table 1. 

Observation of AMP binding to the SNF1 heterotrimer. Crystals were obtained 
by the hanging-drop vapour diffusion method at 21°C. The reservoir solution 
contained 210mM ammonium citrate pH 7.0 and 20% (w/v) PEG3350. The 
protein solution was supplemented with 1 mM AMP. Micro-seeding was crucial 
for producing crystals of sufficient size for structural studies. The crystals were 
cryoprotected in the reservoir solution supplemented with 20% (w/v) PEG3350 
as well as 10 mM glucose 6-phosphate for about 16h, and flash-frozen in liquid 
nitrogen for data collection at 100 K. The crystals belong to space group C2, with 
unit cell parameters of a= 124.2 A, b=74.7A, c=195.4A, and B = 107.4°. 
There are two copies of the heterotrimer in the crystallographic asymmetric unit. 
An X-ray diffraction data set to 3.3 A resolution was collected at the X4C beam- 
line of the NSLS. The structure was solved by molecular replacement. After 
crystallographic refinement in the absence of any ligand, the 2F, — F. electron 
density seems consistent with the presence of AMP. 
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Structural basis for AMP binding to mammalian 
AMP-activated protein kinase 


Bing Xiao’, Richard Heath’, Peter Saiu’, Fiona C. Leiper*, Philippe Leone’, Chun Jing’, Philip A. Walker’, 
Lesley Haire’, John F. Eccleston’, Colin T. Davis’, Stephen R. Martin’, David Carling” & Steven J. Gamblin’ 


AMP-activated protein kinase (AMPK) regulates cellular metabol- 
ism in response to the availability of energy and is therefore a 
target for type II diabetes treatment’. It senses changes in the ratio 
of AMP/ATP by binding both species in a competitive manner’. 
Thus, increases in the concentration of AMP activate AMPK 
resulting in the phosphorylation and differential regulation of a 
series of downstream targets that control anabolic and catabolic 
pathways'’. We report here the crystal structure of the regulatory 
fragment of mammalian AMPK in complexes with AMP and ATP. 
The phosphate groups of AMP/ATP lie in a groove on the surface 
of the y domain, which is lined with basic residues, many of 
which are associated with disease-causing mutations. Structural 
and solution studies reveal that two sites on the y domain bind 
either AMP or Mg:ATP, whereas a third site contains a tightly 
bound AMP that does not exchange. Our binding studies indicate 
that under physiological conditions AMPK mainly exists in its 
inactive form in complex with Mg:ATP, which is much more 
abundant than AMP. Our modelling studies suggest how changes 
in the concentration of AMP ([AMP]) enhance AMPK activity 
levels. The structure also suggests a mechanism for propagating 
AMP/ATP signalling whereby a phosphorylated residue from the a 
and/or B subunits binds to the y subunit in the presence of AMP 
but not when ATP is bound. 

AMPK has been described as a cellular fuel gauge’. As early as 1980, 
the enzyme that was subsequently named AMPK was shown to be 
regulated by AMP’. It is now becoming clear that AMPK has a central 
role in controlling whole-body metabolism in response to nutrients 
and hormonal signals'. AMPK is involved in the regulation of lipid 
metabolism’, feeding and body weight®, glucose homeostasis’ and 
mitochondrial biogenesis*. In addition to metabolic stress, AMPK 
is activated by hormones, including leptin’, adiponectin’’ and ciliary 
neurotrophic factor''. AMPK is also activated by metformin”, one of 
the most widely used drugs for the treatment of type II diabetes, 
prescribed to over 120 million people worldwide. Moreover, a recent 
study suggests that AMPK activation is essential for the therapeutic 
effects of this drug in the liver'’. In mammalian cells, AMPK is acti- 
vated by increases in intracellular AMP by an allosteric mechanism 
and by regulating the level of AMPK phosphorylation by inhibiting 
the dephosphorylation of Thr 172 in the activation loop of the kinase 
domain’. AMPK is a heterotrimeric complex, consisting of an o 
catalytic subunit (two isoforms) with B (two isoforms) and y (three 
isoforms) regulatory subunits’. The B subunit acts as a scaffold 
binding both the « and y subunits’, and the carboxy-terminal 85 
residues of f is sufficient to form a functional AMP-dependent 
heterotrimer'”'*. Recently, the structure of the AMPK homologue 
from Schizosaccharomyces pombe has revealed the architecture of the 
heterotrimer subunit interactions’? but seems to be fundamentally 


different from the mammalian enzyme in the way that it senses 
AMP/ATP. 

Using a tri-cistronic expression system we were able to express and 
purify full-length mammalian AMPK. Because extensive trials failed 
to yield crystals of full-length material, we produced a range of trun- 
cated proteins designed from results of limited proteolysis and 
sequence analysis. We measured diffraction data extending to 2.1 A 
Bragg spacing from crystals obtained from the trimeric complex 
of the C-terminal domains of «1(396-548) and 62(187—272) with 
full-length yl (Fig. la). The structure was solved by molecular 
replacement and relevant crystallographic statistics are given in 
Supplementary Table 1. 

As the two views of the overall structure of the enzyme in Fig. 1b 
show, it can be regarded as being made up of two components: an 
o + B module at the bottom interacting with one shoulder of the y 
domain module at the top. The interface between the « + B and y 
modules is mediated by the last two strands of the B subunit forming 
an interdomain sheet with a B-strand from y (secondary structure 
elements are shown on a sequence alignment in Supplementary 
Fig. 1). The y subunit, made up of four cystathionine B-synthase 
(CBS) motifs, is shaped like a flattened disk about 60A across and 
30A deep. These CBS motifs, packing together to generate two 
Bateman domains, obey approximate 2,2,2 point group symmetry. 
Each Bateman domain (CBS1 + 2 and CBS3 + 4) arises from the 
packing ofa pair of anti-parallel strands, one from each CBS domain, 
according to a local dyad axis (Fig. 1b). It is this interaction that 
generates the adenyl binding sites (Fig. 1c and Supplementary Fig. 
2). The two Bateman domains pack around a second dyad axis 
through an interface dominated by a pair of o-helices from each 
CBS domain. Passing through the centre of the y domain there is a 
small solvent-accessible channel. 

Comparison of the structure of mammalian AMPK with its homo- 
logue from yeast reveals three striking differences. First, the mam- 
malian enzyme, both in the crystal and in solution, is a monomer 
(Supplementary Fig. 3), whereas the yeast enzyme has been reported 
to be a dimer’””’. Second, there is hinging movement between the 
o + B and y modules such that there is about a 12° difference in their 
relative orientations between the two species (Supplementary Fig. 4). 
Third, mammalian AMPK binds three AMP molecules; one does not 
exchange but the other two compete for binding with Mg*ATP and 
are responsible for the adenyl-sensing properties of the mammalian 
enzyme. In the case of the yeast homologue the structure shows one 
adenyl-binding site, equivalent to the non-exchangeable site in our 
structure, which seems to bind either AMP or non Mg**-bound 
ATP”. 

The symmetry relating the CBS domains of mammalian y 
means that there are four potential adenyl-binding sites—two at 
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the interface of the two CBS motifs making up each Bateman domain. 
There is well-defined electron density for AMP in three of these sites 
but not the fourth. Figure 1c shows some of the common features of 
these AMP-binding sites. The nucleotide binds in a surface pocket at 
the interface of the two CBS domains, within each Bateman domain. 
The adenine moiety sits in a hydrophobic pocket making hydrogen 
bonds with main-chain groups from two different strands. The phos- 
phate group interacts with the basic side chains of a number of 
different residues (including Arg69, His 150, Arg151, Lys 169, 
His 297 and Arg 298; see later) and with the hydroxyl groups of either 
serine or threonine residues. Importantly, there are some interactions 
of the bound AMP molecules with protein residues from the alternate 
Bateman to which the binding site is predominantly generated (see 
later; for example, Lys 169 and His 150). The 2’ and 3’ hydroxyl 
groups of the ribose group make a bi-dentate interaction with an 
aspartic acid residue located on the first turn of an o-helix adjacent 
to the site (Asp 244 with AMP-1, Asp 89 with AMP-2, and Asp 316 
with AMP-3). In the fourth potential adenyl-binding site there is an 
arginine residue, at position 170, instead of this aspartic acid, which 
probably accounts for the fact that AMP does not bind at this fourth 
site. 

To understand better the regulation of AMPK by changes in 
AMP/ATP ratio we carried out a series of binding studies. From 
the titration studies described in the next paragraph we observed 
two AMP binding sites on AMPK, apparently in contradiction to 
the three molecules seen in our crystal structure. We therefore 
analysed our purified, overexpressed protein by high-performance 


1 Thr 172 374 396 548 
al 
Kinase domain | 
1 187 272 
L [esol XXX) p2 
1 330 
[eBST\ OBS, /OBSs<CRS4] +" 
Bateman1 Bateman 2 
b 
AMP-3 
(non- 


exchangeable) 
AMP-1 


AMP-2 


+ 


Figure 1| Structure of mammalian AMPK. a, Diagram representation of the 
three components of the heterotrimer; the constructs used for crystallization 
are shown hatched. b, Ribbon representation of the crystallized complex 

with three bound AMPs in two orthogonal views. The three domains are 

coloured according to a and the AMP molecules are shown in ball-and-stick 
representation. For ease of viewing the ends of two loops that are disordered 
in the structure («470-523 and 8223-232) are joined-up by a thin black line, 
also the first 12 residues of § that interact with a neighbouring molecule in 
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liquid-chromatography for bound nucleotides (Methods and Sup- 
plementary Fig. 5) and discovered that for both the crystallization 
fragment and full-length protein there was approximately one adenyl 
molecule present for every molecule of AMPK. Most of the adenyl 
species (85%) was present as AMP with a small amount of ADP 
(15%). As yet we have not managed to displace this co-purifying 
adenyl moiety and are therefore unable to determine its binding 
affinity. However, the fact that it persists through the various stages 
of protein purification, including gel filtration, suggests that the 
binding is very tight. 

We synthesized N-methylanthraniloyl (mant)-labelled analogues 
of AMP and ATP to use as probes for determining the affinity of 
the unlabelled nucleotides. AMPK binds two mant-nucleotides with 
dissociation constants of 4+£0.5uM (mean +s.d.; n= 3) (mant- 
ATP) and 10+2uM (mant-AMP) (see Supplementary Fig. 6). 
Dissociation constants for the unlabelled nucleotides were deter- 
mined using competition assays in which a mant-nucleotide plus 
unlabelled nucleotide (either AMP or ATP) was titrated with 
AMPK (see Fig. 2 and Supplementary Fig. 6). The values determined 
were 12.5+4uM for ATP and 24.5+4.5 uM for AMP. We also 
obtained very similar results from titrations carried out with full- 
length AMPK (Supplementary Fig. 6). Given the recent description 
of the structure of the AMPK homologue from S. pombe in complex 
with Mg**-free ATP we investigated the effect of the metal ion on 
nucleotide binding with mammalian AMPK. Initial experiments 
(Supplementary Fig. 6) indicated that Mg”* reduced the apparent 
affinity of AMPK for ATP, however, this effect is only observed at 
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the crystal lattice are omitted. On the right-hand panel, thin black arrows 
indicate the position of the approximate two-fold axes relating the four CBS 
motifs. The y subunit comprises Bateman domain 1 (CBS1 + 2) and 
Bateman domain 2 (CBS3 + 4). The interface between the two CBS motifs of 
each Bateman domain generates two potential adenyl-binding sites, each 
being made up from a strand and a helix from each CBS motif—these 
elements, for the AMP-2 site, are coloured in a lighter shade in b and are 
shown in more detail in c. 
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very high concentrations of the metal ion, which are not physiologi- 
cally relevant. As Fig. 2 shows, titrations of ATP carried out in the 
presence of 125 1M Mg”* (which will saturate most of the ATP) are 
the same as those done in the absence of the metal ion. Therefore, at 
least for mammalian AMPK, the enzyme binds ATP or Mg: ATP with 
the same affinity. This means that under physiological conditions 
(where nearly all ATP is complexed with Mg”* and there is about 
0.4mM free Mg”*; ref. 21) the majority of the enzyme will be in 
complex with two Mg: ATP moieties. Mammalian AMPK is therefore 
different to proteins, such as kinases and small GTPases, whose affi- 
nity for the nucleotide is strongly dependent on Mg” binding, but it 
is also different to its homologue from S. pombe where it is inferred 
that ATP-bound metal counter ions must be stripped before binding 
to AMPK”. Our results are consistent with earlier studies of adenyl 
binding to AMPK y subunit”, which concluded that the affinity of 
the protein for ATP was independent of Mg’*. 

Only small crystals were obtained from co-crystallization of 
AMPK with ATP so we soaked ATP into our AMPK/AMP; crystals. 
To test the results of our solution studies, we carried out soaking 
experiments with Mg: ATP and with Mg**-free ATP. In both cases, 
the resulting electron-density maps revealed that ATP replaced two 
out of the three molecules of AMP and that the metal-bound and 
metal-free forms of the ATP adopted very similar conformations. 
Consistent with the results of our binding studies, which showed 
no difference in affinity between the two forms, the magnesium 
ions complexed between the B and y phosphate oxygens of the 
ATP do not interact with the protein. Two views of the structure of 
the y subunit with bound nucleotide from both the AMPK/AMP; 
and AMPK/AMP,(MgATP), complexes are shown as a surface 
representation in Fig. 3. The two molecules of ATP bind in a 
similar manner to the AMP molecules that they replace. The B- 
and y-phosphates adopt an extended conformation within the bind- 
ing channel, necessitating the rearrangement of the side-chains of a 
few basic residues; otherwise there are no significant differences in 
the two different complexes. 

Comparison of the AMP and ATP structures suggests that AMP-3, 
which does not exchange for ATP, represents the tightly bound 
adenyl moiety that co-purifies with the protein and, as noted above, 
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Figure 2 | Fluorescence titrations of mant-AMP with AMPK. Mant-AMP 
(10 1M) with AMPK; no additions (red), 1.25 mM MgCl, (blue), 50 1M 
AMP (green), 50 uM ATP (magenta), or 50 1M ATP + 125 uM MgCl, 
(cyan). 
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AMP-3 occupies the equivalent site to the single molecule of AMP 
seen bound to the yeast homologue”. All three adenyl-binding sites 
are structurally related, but comparison suggests that the positioning 
of two serine residues (225 and 315) that interact with the phosphate 
group, and a threonine residue (199) that interacts with the ribose, 
which does not occur in the other two sites, may account for the 
enhanced affinity of this site. Interestingly, the only one of these 
residues not conserved in the S. pombe sequence is Ser 315, which 
is an alanine residue in that sequence (C307 in Protein Data Bank 
200X). At least for mammalian AMPK, our results show that AMP 
binding at this non-exchangeable site is not involved in AMP/ATP 
sensing. Clearly mutagenic and biophysical/biochemical studies will 
be required to elucidate the role of this tightly bound adenyl species. 

Taken together, our studies indicate that under physiological con- 
ditions the majority of AMPK will contain Mg: ATP and only a small 
proportion of the enzyme will have AMP bound at the two regulatory 
binding sites. How then do changes in the cellular ATP/AMP ratio 
affect AMPK activity? To address this issue we set up a simple model 
to simulate the enzyme’s activity, using the binding constants deter- 
mined here together with data from the literature concerning AMPK 
activation and adenyl concentrations (Supplementary Fig. 7). Key 
assumptions of the model are that AMP binding to the enzyme causes 
allosteric activation as well as inhibiting dephosphorylation of the 
enzyme’s T-loop, and that the non-phosphorylated form has neg- 
ligible activity. The model shows that 2—3-fold increases in the low 
micromolar concentrations of AMP bring about a similar fold 
enhancement in the proportion of AMP-bound enzyme in the pre- 
sence of a much higher, and essentially unchanging, concentration of 
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Figure 3 | Front and back views of the three adenyl moieties bound to the y 
domain, shown in surface representation. The surface is coloured 
according to electrostatic potential (blue, positive; red, negative) and the 
labelled nucleotides are in ball-and-stick representation, with the 
magnesium ions shown as yellow spheres. The lower panel represents 
approximately the same orientation of the molecule shown in the right-hand 
panel of Fig. 1b, whereas the upper panel is viewed from the back. The left- 
hand panels show the y domain from the AMP complex, whereas the right- 
hand panels focus on the phosphate-binding groove from the AMP; and 
(Mg: ATP),AMP, complexes. 
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Figure 4 | Interactions between primarily basic residues from y with the 
phosphate groups of the three bound adenyl species. The orientation of the 
molecule is approximately equivalent to that shown in the right-hand panel 
of Fig. 1b. The left-hand panel is from the AMP; complex, and the right-hand 
panel from the (Mg: ATP),AMP, complex; the magnesium ions are shown as 
yellow spheres. In different data sets of the AMP; complex, Arg 69 is 
observed to adopt different side-chain conformations. The highest 
resolution structure is shown here, but Arg 69 adopts a conformation that 


Mg:ATP. Importantly, this change in AMP-bound AMPK accounts 
for the 2—-3-fold enhancement of muscle AMPK activity observed 
following moderate exercise*?**. A key prediction of this model is 
that only a small proportion of AMPK is active at any one time. This 
notion, of a large pool of essentially inactive AMPK, is supported by 
studies using prolonged exercise” or non-physiologic methods to 
activate AMPK; for example, the use of respiratory uncouplers that 
generate a large increase in AMP and lead to increases in enzyme 
activity at least 5-10-fold greater than that stimulated by moderate 
exercise”®. 

A glycogen storage cardiomyopathy associated with an electrical 
conductance disorder in humans*’~’ has been attributed to naturally 
occurring mutations in the y2 isoform of AMPK. These mutations 
generally interfere with the normal activation of AMPK by 
AMP"*”?*°. Mapping of the corresponding residues onto the y1 
structure reveals that eight out of the ten mutations that have been 
characterized involve amino acids whose side chains are in proximity 
to the adenyl-binding sites (Fig. 4a, b and Supplementary Table 2). 
Six of these are seen to be contacting the phosphate groups of the 
AMP/ATP. The structure also shows how small changes in the side- 
chain conformations of these residues accommodate either AMP or 
ATP in the binding site. All the mutations tested for adenyl binding 
(Supplementary Table 2) have been shown to reduce the enzyme’s 
affinity for both AMP and ATP, in some cases quite substantially”. 
All but one of these mutations is identified here as contacting the 
adenyl phosphate groups and the remaining one (a leucine insertion) 
is close to this site and may well affect binding also. Once the mole- 
cular basis for signal propagation by AMP binding to AMPK is 
further elucidated, additional insights into the actions of these muta- 
tions may be revealed. 

As discussed in our modelling study, once phosphorylated, AMPK 
has substantial basal activity that can be modestly enhanced by the 
allosteric effect of AMP binding. However, AMP binding also signifi- 
cantly decreases the rate of dephosphorylation of activated AMPK. 
Any molecular model of AMPK action must account for both of these 
phenomena. We think the lack of any significant conformational 
change in the y subunit between the AMP and ATP bound forms 
implies that the activation signal, initiated by AMP binding, is not 
propagated by the limited rearrangements of some basic side chains 
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results in it interacting with AMP-2 in another data set and we take this as 
evidence for a low energy difference for these two conformations. Arg 151 
interacts with both ATP-1 and -2 but not with the AMP counterparts. 
Residues whose mutation is implicated in glycogen storage cardiomyopathy 
are shown with thicker bonds. The equivalent residues in y2 are: 

Arg 69=Arg 302, His 150=His 383, Thr 167=Thr 400 and Arg 298=Arg 531 
(see Supplementary Table 2). 


at the binding site. Instead, we hypothesize that AMP binding triggers 
the formation of inter-subunit interactions that are not possible 
when ATP is bound. Such changes in the quaternary structure of 
the heterotrimer then influence the activity of the kinase domain 
and its susceptibility to dephosphorylation. Given the structure 
and charge associated with the ATP-binding sites, a plausible binding 
partner for AMP would be a phosphorylated residue from either the « 
and/or B subunits (at least eight such phosphorylation sites have been 
identified). The fact that our structure shows there are two exchange- 
able AMP/ATP sites, on opposite faces of the y subunit, suggests the 
possibility that two distinct inter-subunit interactions with y occur, 
perhaps enabling separate mechanisms for the allosteric activation 
and dephosphorylation protection activities of AMP. 


METHODS SUMMARY 


Truncated AMPK (rat % and y, and human ) was cloned into a tricistronic 
vector and expressed in Escherichia coli. Proteins were initially purified by nickel 
affinity chromatography. Crystals were grown by vapour diffusion in hanging 
drops using isopropanol as precipitant and were cryo-protected with 30% 
ethylene glycol. Crystals were soaked in ATP or Mg-ATP made up in reservoir 
solution. Diffraction data were collected at 100 K and processed using Denzo and 
Scalepack. The structures were solved by molecular replacement and refined 
using Refmac5 with manual model building using O. Bound nucleotide analysis 
was carried out by denaturation of samples, removal of protein and analysis by 
HPLC. N-methylanthraniloyl (mant) nucleotides were prepared according to 
published methods. Uncorrected fluorescence emission spectra of the mant 
nucleotides and their complexes with AMPK were recorded at 20°C using a 
SPEX FluoroMax fluorimeter. Binding of mant-AXPs was monitored by titrating 
10 uM of the nucleotides with AMPK. Dissociation constants for AMP and ATP 
were determined using competition assays. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Crystallography. Truncated AMPK, y1(rat)B2(human; 187—272)His-a1 (rat; 
396-548), was cloned into a tricistronic vector and subsequently expressed in 
E. coliBL21 (BL21-CodonPlus-RIL, Stratagene)*'. Proteins were purified using a 
nickel affinity chromatography (His-Trap, GE Healthcare), anion exchange 
(Mono Q, GE Healthcare) and gel filtration (Superdex 200, GE Healthcare). 
Protein complex stock solution was prepared at 15mgml' in 50mM Tris, 
pH7.0, 100mM NaCl and 1mM TCEP, and then mixed with a threefold 
molar excess of AMP. Crystals were grown by vapour diffusion technique at 
18 °C in hanging drops. Drops were prepared by mixing equal volumes of pro- 
tein complex with reservoir solution containing 15% isopropanol. Crystals were 
first transferred into mother liquor with an additional 30% ethylene glycol, 
before plunging into liquid nitrogen. For crystal soaking experiments, 1 mM 
ATP/0.1 mM EDTA and 0.5 mM ATP/0.6 mM MgCl, were made up in reservoir 
buffer, crystals were soaked for 1-5 h before flash cooling. Diffraction data were 
collected on an in-house MicroMax 007HF rotating anode coupled to a 
RaxisIV** detector. Data were integrated using Denzo and scaled with 
Scalepack*. The structure was solved by molecular replacement using Amore® 
using 200X.pdb as the search model, because of the differences in domain 
orientation between the yeast and mammalian enzyme the calculations were 
first performed with the y domain, which was then fixed, and the search repeated 
with the combined « and B domains. Standard refinement was carried out with 
Refmac5 (ref. 34) and CNS” together with manual model building with O”°. 
Figures were created with Pymol (http://pymol.sourceforge.net/) and Grasp. 
Bound nucleotide analysis. Solutions of known concentration were set to 
pH 2.0 to denature the protein, adjusted to pH 4.0 and then centrifuged to 
remove denatured protein. The supernatant was applied was applied to a 
Partisil 10 SAX column (Whatman) and eluted with 0.6M NH,H,PO, at 
1.5ml min !. The eluent was monitored for absorbance at 280 nm and the signal 
monitored by an integrator (see Supplementary Information). 

Binding studies. N-methylanthraniloyl (mant)-nucleotides were synthesized, 
purified and characterized as described elsewhere’. Uncorrected fluorescence 
emission spectra of the mant-nucleotides and their complexes with AMPK were 
recorded at 20 °C in 25 mM Tris, 1 mM TCEP (pH 8.0) using a SPEX FluoroMax 
fluorimeter with ex = 366 or 380nm (bandwidth 1.7nm) and emission 
scanned from 400 to 550nm (bandwidth 5nm). Binding of mant-AXPs was 
monitored by titrating 10 [1M of the nucleotides with AMPK. Dissociation con- 
stants for AMP and ATP were determined using two different types of competi- 
tion assay (see Supplementary Information for further details). 
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he demographics of academia in the United States are due for an 
overturn in the next decade. With the ‘greying’ of the universities — a 
third of US university faculty are aged 55 or older, and 14% are between 
60 and 69 — institutions are preparing for a crew change, according to 
an article in the London Times Higher Education Supplement (14 September 2007). 
The types of job — and the pay packets — the new crew are likely to get may, 
however, be very different from those commanded by the old guard. Many 
universities are anticipating replacing high-paying, full-time, tenure-track positions 


with lower-paying, part-time, adjunct ones. And the jobs will probably come as a 
trickle over the next decade, rather than a deluge, as the United States does not 
have a mandatory retirement age. 

Nevertheless, it is good news for young scientists looking to enter US academia 
in the next few years, and not only for Americans. The United States has produced 
disproportionately fewer home-grown PhDs in the sciences — an area with one 
of the higher potential retirement rates — compared with other disciplines, and 
there is likely to be a demand for overseas scientists as well to fill the empty 
teaching positions. 

The most coveted jobs released by retiring academics will undoubtedly be those 
at the nation's most prestigious institutions, such as the Massachusetts Institute of 
Technology, Harvard University and Columbia University, where a high proportion of 
faculty is older than 70. These universities are less likely than others to convert tenured 
posts into adjunct positions, as they have the endowments to fund professorships and 
reputations that would be eroded by replacing stars with part-timers. 

Some universities are concerned that with the influx of young faculty, they 
won't have enough experienced people to manage departments and organize 
programmes. But young scientists who have done multiple postdocs and had the 
bar for advancement repeatedly raised are unlikely to be sympathetic. It’s time to 
give them their chance. 

Paul Smaglik was editor of Naturejobs from 2001 to 2007. 
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ENTER THE 
DRAGON 


Once a poor village, Shenzhen is now one 
of the wealthiest cities in China. David 
Cyranoski learns its plans for the future. 


Shenzhen is a city of transformations. Until 1979, it 
was a small fishing town in southern China. Then in 
1980, Communist Party chairman Deng Xiaoping 
designated Shenzhen, located in Guangdong province 
just a few miles from Hong Kong, as a ‘special 
economic zone, where tax policies encouraged foreign 
investment and trade. Since then the city has boomed, 
with its population growing to 12 million and fishing 
shacks being razed in favour of towering skyscrapers. 

In what came to be known as ‘the factory of the 
world, the city’s economy soared to its current gross 
domestic product (GDP) of 581 billion yuan (US$76 
billion), the fourth largest in China. It produced 
clothing, shoes and toys quickly and cheaply, and 
assembled simple electronic goods. 

A second transformation is now under way. With 
active support from local and central government, the 
city is metamorphosing from contract manufacturer 
to knowledge producer. The turning point came 
with the formation of a university town in 2003, 
comprising graduate schools from three of China’s 
leading academic institutions far to the north: Peking 
University and Tsinghua University, both in Beijing, 
and Harbin Institute of Technology in Harbin. 

Many academics refer to Shenzhen as ‘special’ or an 
‘experiment, Ma Hui, associate dean of the Graduate 
School at Shenzhen, Tsinghua University, is one. He 
calls the city both “a window and an open door”: 
its proximity to Hong Kong (see map opposite) can 
provide a flow of free-market funding and its high 
profile can show the West how much and how fast 
China is changing. Just how good the picture from the 
window will be, and just how wide the door will open, 
could well depend on how the city manages a balancing 
act between free-market economy and top-down 
planning and between basic and applied research. 

To create the human resources and technology 
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The dragon-shaped library serves as a central point of the University Town campus. 
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needed by a high-tech city, Shenzhen’s policy-makers set 
about creating a combined science park and university 
town. Most scientific hubs are based on existing strong 
research universities, but Shenzhen had no such 
academic core. So the high-tech industrial park came 
first, in 1996, led in its early years by Liu Yingli, who 
subsequently became executive vice-mayor anda key 
force behind Shenzhen’s economic development. Then, 
in 2001, the city persuaded the graduate schools to set 
up shop as University Town. Before this, there was just 
one university, Shenzhen University, which had around 
25 graduate students. “That wasn’t enough for a modern 
city,’ says Zhang Rulin, deputy director of University 
Town. Of the 4,500 students now studying in University 
Town, 800 are pursuing PhDs. 


Coming home 
Although Shenzhen’s declared aim of becoming an 
international research centre is still a work in progress, 
increasing numbers of Chinese scientists are coming to 
Shenzhen from overseas. One is Zhang Yaou, a professor 
of cellular and molecular biology in the life-sciences 
division of Tsinghua University’s Shenzhen campus. 
After earning a medical degree in China, she gained 
research expertise in oncology and haematology in 
Canada and the United States before moving to Hong 
Kong, while keeping an eye on China's political and 
intellectual environment. She's glad she made the move, 
noting that the Shenzhen students are of the highest 
quality and as bright as any she’s worked with elsewhere. 
To ensure these high standards, two-thirds of the 
teaching staff at the Tsinghua graduate school come 
from the home institution in Beijing, either residing 
in Shenzhen or travelling down periodically to teach 
courses or lead research. The other third mainly 
comprises returnees like Zhang Yaou. The researchers 
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come because they get access to new facilities, generous 
funding and a freer environment, in which they can 
adopt new interdisciplinary approaches to research. 

The graduate schools of Tsinghua University, Peking 
University and Harbin Institute of Technology were each 
awarded three ‘key projects, each worth 30 million yuan, 
last year by the local Shenzhen government to establish 
nine multidisciplinary research clusters. 

Shenzhen’s development hasn't escaped high-profile 
attention in the West. David Ho, director of the Aaron 
Diamond AIDS Research Center in New York, is 
backing the chemical genomics laboratory at Peking 
University’s Shenzhen graduate school by serving as chair 
of its advisory committee. The lab comprises biologists 
and chemists working together to identify biological 
problems and resolve them using a combination of 
biological and chemical techniques. The lab may help 
pave the way for biotech in Shenzhen, says Ho. The city 
is committing resources to facilities and equipment, 
but the biggest challenge will be attracting people with 
experience in the industry. Ho is optimistic. “This city has 
the entrepreneurial spirit to make things happen,” he says. 

All the Shenzhen institutes acknowledge the 
flexibility to restructure research projects, and even 
the buildings themselves, to allow interdisciplinary 
research. “This would not have been possible in 
Beijing,’ says Shi Shouxu, assistant president of Peking 
University and dean of the Shenzhen graduate school. 
“Tt’s like a blank piece of paper. You can draw whatever 
you want,” says Jin Guangjun, dean of the Harbin 
Institute of Technology Shenzhen graduate school. 

And there are other advantages to Shenzhen. Being 
part of a special economic zone means that researchers 
have relatively easy access to isotopes, cells, proteins 
and other equipment that can get hung up in customs’ 
red tape and demands for special permission elsewhere 


in China. “It makes a world of difference when setting 
up large-scale screening,” says Zhang Hui, a molecular 
biologist from Yale University who has taken up a post 
in the chemical genomics lab. 

Hoss involvement in the Shenzhen project 
emphasizes what Zhang Baoquan, director of the 
Shenzhen Municipal Education Bureau, calls a focus on 
the elite. Bringing in top faculty from University Town's 
parent institutions ensures quality students. “We've had 
three classes of graduates, and the companies that hire 
them say they are of the same or better quality as those 
from the Beijing campus,’ he says. 

The green space of the University Town campus 
contrasts with the skyscrapers and neon lights 
downtown. Symbolic of the campus’s ambitious goals 
is the library in the shape ofa dragon that runs through 
the centre of the site. Costing 220 million yuan to build, 
the library gets 20 million yuan per year for books, 
databases and periodicals. 


Shenzhen speed 

New research institutes have also been established in 
Shenzhen. The Research Institute of Tsinghua 
University Shenzhen, which opened in 1999, made news 
in the spring of 2003. The virus responsible for sudden 
acute respiratory syndrome (SARS) was creating a panic 
in Beijing, and Chinese president Hu Jintao asked Feng 
Guanping, the president of the institute, for ideas. Ten 
days later, Feng says, they had made an infrared sensor 
that when pointed at a person’s head could detect the 
low-grade fever characteristic of SARS. The device soon 
became a fixture at airports. Feng describes his decade 
in Shenzhen as “the most exciting 10 years of my life” He 
adds “I wish I had come here earlier” 

That episode became a symbol for what Deng early on 
had labelled “Shenzhen speed” — very fast development 
to meet social need. The establishment in 2006 of the 
Shenzhen Institute of Advanced Technology, affiliated 
with the prestigious Chinese Academy of Sciences, was 
another coup for the city. Focusing on biomedical and 
health engineering, robot services, high-performance 


ae ae 
ly 3 mol : — es 


Executive vice-mayor Liu 
Yingli (top) has helped 
make Shenzhen the place 
where Feng Guanping 
(bottom), director of 

the Research Institute of 
Tsinghua University in 
Shenzhen, has spent “the 
most exciting 10 years of 
my life”. 
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computing, and other interdisciplinary fields, the 
institute has 600 staff, with plans to grow to 3,000. 
The director, Fan Jianping, says his three-year term 
should have the institute stable. “In Shenzhen, if 
you can build a totally new city in ten years, anda 
university in six years, you can build an institute in 
three,” he says. 

Fan points out of a window in his 200-million- 
yuan building to a gray five-story building with 
grime-coated windows only a block away. “Last 
year this building was just like that,’ he says. “We 
are trying to make the 
blue-collar workers into 
white-collar workers.” 

Shenzhen is aiming its 
sights at converting applied 
research into saleable 
products. One of Fan's 
goals for his institute is 
patent generation, but the 
patents must be good. For 
every three patents applied 
for, aresearcher will be 
expected to get at least 
one invention licensed. 
Tsinghua’s Feng comments 
that, “the big difference with the Beijing main campus 
is that they have many research achievements, but they 
don't go to the market. Here they will” Indeed, almost 
everything in Shenzhen is market-driven, both as an 
end — commercial products — and in organization and 
hiring policies. 

The Shenzhen Virtual University Park provides 
continuing education as well as helping start-up 
businesses. Their curriculum is determined in “market 
oriented” fashion, says director Yi Yinfa. If the classes 
are not popular they are dropped. “In Shenzhen there 
is no ‘iron rice bowl’ that guarantees permanent 
employment, says Jin. “Everything is a two- or three- 
year contract. We want competition. We want people 
that are driven for success,” he says. 


Striking a balance 

Basic science is not neglected, however. In collaboration 
with the National Orchid Conservation Center in 
Shenzhen, researchers at the Tsinghua University 
Shenzhen campus recently discovered and characterized 
an unknown type of self-pollination used by tree-living 
orchids in times of drought and lack of wind (Liu, K. W. 
et al. Nature 441, 945; 2006; a video of the orchid can be 
seen at natureasia.com/Shenzhen). 

Ma thinks that the balance between basic and 
applied science will change with time. “As we establish 
ourselves in Shenzhen, we will move more and more 
upstream towards basic research, always aiming to stay 
a step ahead of Shenzhen’s rapidly evolving high-tech 
industry,” he says. Research is already addressing real- 
world problems as well. For example, the Cooperative 
Research and Education Center for Environmental 
Technology at Shenzhen, funded and staffed jointly by 
Tsinghua University and Kyoto University in Japan, is 
looking at ways to provide cleaner water in urban areas. 

And Shenzhen already has some role models for 
applied technology and industry. Telecoms companies 
Huawei Technologies and Zhongxing Telecom (ZTE) 
were founded in Shenzhen in the 1980s, and in 2006 
brought in 66 billion yuan and 24 billion yuan in 
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Before and after: Shenzhen's landscape has 
changed dramatically since 1982 (inset). 


revenue, respectively. ZTE pours 
11.6% and Huawei 8.2% of that 
back into research. 

Such companies are helping 
Shenzhen do something rare for 
China's booming cities — they 
are ploughing huge amounts 
of money back into the local 
economy. In 2004, Shenzhen- 
based companies produced more 
than 50% of the city’s GDP for the 
first time (by 2006 it was 58%). 

In places like Shanghai, 70% 
of GDP is produced by foreign 
investment companies. 

“The high-tech industries of 
Shenzhen’s regional innovation 
system are maturing, and this 
is setting a strong example 
for the whole country,” says 
Zhang Jing’an, a member of the 
Party Leadership Group of the 
central government's Ministry 
of Science and Technology and 
president of the newspaper 


“We are trying to 
make the blue- 
collar workers 


into white-collar 
workers.” 
— Fan Jianping 
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Science and Technology Daily 
(www.stdaily.com). Indeed, governments in developing 
countries around the world that are trying to build 
their own special economic zones are looking to 
Shenzhen as a model. 

The city has reinvested its wealth with some 
headline-catching results. The gene-therapy company 
SiBiono was set up in Shenzhen in 1998 and had 
its treatment approved by the Chinese regulatory 
authorities for head-and-neck squamous cell 
carcinoma in 2003 (Nature Biotechnol. 22, 3-4; 2004). 
Some 6,000 people have now been treated. Peng 
Zhaohui, the company’s founder and chairman, says he 
chose Shenzhen over Shanghai and Beijing because of 
the financial support offered by the local government. 

There are plenty of people to fill spots at these 
companies — for every successful applicant at Huawei, 
99 don't get in. But not enough of them have the right 
talents. Peng says, “It’s hard to get high-level staff. There 
were no famous universities.” Peng ends up recruiting 
5% of his staff from overseas and most of the rest from 
other parts of China. 

The growth of the three universities in University 
Town will help provide more local talent. The Hong 
Kong and Shenzhen local governments also agreed this 
May on greater collaboration in R&D in various areas, 
including health and environmental protection. “Hong 
Kong has advantages in attracting international talent 
and connecting with the international markets,’ says 
Zhang Jing’an. “Shenzhen has advantages in developing 
innovative industries and gathering mainland talent.’ 

But to attract and keep its creative talent, Shenzhen 
needs to allow room for basic research and intellectual 
pursuits that don't have immediate economic returns. 
Given that governments everywhere are increasingly 
demanding a return on their research investment, 
Shenzhen’s strategy is not so extreme. Still, it remains 
to be seen whether it can spur the type of Silicon Valley 
innovation that Shenzhen seeks. But if it can be done, 


Shenzhen will do it — and ina hurry. a 
David Cyranoski is Nature's Asia-Pacific 
correspondent. 
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Correction 

In the Regions feature ‘Enter the dragon’ (Nature 449, 502-504; 2007), we quoted Yi Yinfa as saying that the 
curriculum at the Shenzhen Virtual University Park is determined in a “market oriented” fashion. This quote should 
in fact have been attributed to the university park's director, Qiu Xuan. 
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Few, if any, cities in the world can boast the kind of dramatic 
change that Shenzhen has experienced. A fishing village in 1980, 
it is now a roaring metropolis. In a city of immigrants from all 
over China who are brimming with confidence and ambition, 
municipal organizers are converting its economic base from 
low-end manufacturing to high-tech industry. Expanding ties 
with neighbouring Hong Kong symbolize the city’s prodigious 
emergence onto the world stage and promise a new chapter in 
this extraordinary story of growth and development. Shenzhen 
is a model for governments in developing countries around the 
world that wish to spur regional economic growth. 

Until the late 1970s, Shenzhen was, like the rest of China, part 
of a strictly planned economy. Then, Deng Xiaoping, reinstated 
around that time as the head of the Communist Party, launched a 
series of reforms aimed at opening up the country to more economic 
growth, especially through ties and trade with foreign countries. 

As part of these reforms, he opened up a handful of ‘special 
economic zones’, which were able to give tax incentives for 
foreign-owned companies. They could also open up certain 
aspects of the market to international trade. Results came 
immediately and foreign investment poured in. 

Shenzhen, in the southern part of the southern province of 
Guangdong, was the first city granted these privileges. Zhuhai 
and Shantou, also in Guangdong, Xiamen, in the neighbouring 
Fujian province, and the island of Hainan also became special 
economic zones. But none of these took off like Shenzhen. In 
1992, Shenzhen’s economy was on the same scale as the other 
four special economic zones, but now its total economy exceeds 
all of them added together. Now it is six times greater. At RMB 
581.36 billion (USD 77.25 billion), its gross domestic product is 
the fourth highest in China. 

Immigrants, ideas and innovation 
Zhou Luming, the deputy director general of the city’s Bureau of 
Science, Technology and Information, says one of the advantages 


Shenzhen is indeed a pot bf gata at the end of the rainbow. 


was simply the proximity to Hong Kong, a well-developed centre 
of international finance. But the main reason was the flood of 
people who came from all over China, bringing their hopes and 
dreams with them. Among the city’s 12 million inhabitants, only 
400,000 are native. 

“The passion of people who had been restrained for many years 
under the planned economy system exploded in this city,” says Zhou. 
adds 
Lin Xiong, deputy director of the bureau’s Planning and Devel- 


“The immigrants brought new ideas and innovation,” 


opment Department. 

During the 1980s, the city made its fortune on low-end 
manufacturing, as foreign companies were looking for cheap 
places to manufacture their goods. Shenzhen’s economy was 
growing by 50% a year. 

In the 1990s, city officials decided to upgrade their economy by 
establishing a high-technology infrastructure. They had been spurred 
by competition from the other special economic zones and a natural 
desire to produce more profitable, higher-end products. They also 
now had the economic wherewithal to invest in such technology. 

And they had models near at hand. Two telecommunications 
companies, Huawei Technologies Co., Ltd. and Zhongxing Tele- 
communication Equipment Co., Ltd. (ZTE), founded in 1988 and 
1985, respectively, took off in the early 1990s to become two 
of the world’s largest companies in the field today. The twins 
of Shenzhen, as Huawei and ZTE have come to be known, to- 
gether account for some RMB 90 billion in industrial productivity, 
over 8% of the city’s total. ZTE is now rushing to catch up with 
Huawei. International sales increased nearly 100% over the first 
half of 2007. The two companies are now creating R&D centres 
throughout China, as well as overseas in places like India. “When 
Shenzhen was looking for innovation, these two companies 
grabbed the chance,” says Lin. 

From 1992 to 2006, the average annual growth of Shenzhen’s 
high-tech industries increased by a staggering 45%. In 2006, 
Shenzhen’s high-tech production reached RMB 630 billion, 


1-2__ From village to high-tech powerhouse 
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topping China’s other major cities. The city’s investment in 
research and development is some 3.4% of its GDP — far higher 
than the national percentage of 1.4%. 

Unlike most technological innovation that remained in the 
laboratory in other cities, the market economy system, established 
by the local government in Shenzhen, saw enterprise there take 
a dominant role in technological innovation and achieve great 
commercial success. Despite the blueprint for Shenzhen’s high- 
tech industry being considered a joke 10 years ago, state leaders 
now laud Shenzhen as a model for other cities across China to 


follow in developing their high-tech industries. 

In contrast to other cities, Shenzhen has adopted a ‘reverse 
innovation model’, in which technological innovation is driven by 
market demand. Enterprises orientate the direction of innovation 
according to market demand, and then develop their innovations 
through research collaborations with universities. Using this 


model, Shenzhen’s enterprises have progressed from low-end to 
high-end innovation. 

As an administrator of the city, Shenzhen government plays its 
role well to meet the demand of the market economy, and creates 
a relaxed environment to develop enterprises. And as a city that 
has legislative power, Shenzhen was the first in China to introduce 
legislation in 1995 that protects intellectual property rights — 
‘Regulations of Shenzhen Special Economic Zone on the Protection 
of Technical Secrets of Enterprises’. This made Shenzhen the city 
that best protects intellectual property rights in China. 

But Shenzhen still had a challenging task — to train and es- 
tablish the required personnel to complete the transformation 
to a high-tech economy. At that point, the local government be- 
lieved it was a suitable time to establish its own universities and 
research institutes. 


Fast and efficient solutions 
“In order to meet the demands of a city, in terms of culture and 
education, we had built Shenzhen University and two vocational 
schools. They had succeeded, but they could not meet the 
demands of the rapidly growing city,” says Zhang Baoquan, 
director of the Shenzhen Municipal Education Bureau. 
Shenzhen’s solution to this problem was characteristic of what 
came to be known as ‘Shenzhen speed’ and ‘Shenzhen efficiency’. 
Faced with a shortage of high-tech graduates, Shenzhen’s leaders 
decided to invite some of the country’s premier research institu- 
tions, Peking University, Tsinghua University, Harbin Institute of 
Technology, and Nankai University, to establish branches. Instead 
of aiming for new schools that could feed education to the mass- 
es like other university towns, they gambled on elite education. 
Zhou says that Shenzhen’s decision to attract universities in the 
late 1990s was well timed with the decision by those institutions 
to become more market-orientated. Shenzhen’s proven ability to 
bring products to market made it an attractive partner. 
Shenzhen also established many research institutes, such as the 
Research Institute of Tsinghua University in Shenzhen in 1999, and 
the Shenzhen Institute of Advanced Science and Technology of the 
Chinese Academy of Sciences in 2006. It also opened up a ‘Virtual 
University Park’ in 1999 to help the universities and other research 
institutions develop and capitalize on their technological prowess. 
This top-down approach, importing high-technology research and 
education, was unlike anything seen in China, where the emphasis is 
usually on slow ‘normal’ development. “This might seem to be against 
Chinese philosophy, but we dare to do things first,” says Zhang. 


Zhang says there have been sceptics. “Many people think we 
could not keep up the standards of these prestigious universities, but 
history shows we can,” he says, referring to the formation of the Uni- 
versity of Cambridge by scholars leaving the University of Oxford. 

The city has continued to invest in these universities, and 
this year they have each received three key laboratories, worth 
RMB 30 million each. In 2006, Shenzhen had 29,000 patents, 
the second highest number of any city in China. Now Shenzhen 
has the confidence to build its own comprehensive science and 
technology university, and construction will soon begin on an 
RMB 4 billion campus whose doors are set to open in 2010. 
Integrating and enhancing assets 
The research and human resources in the making, as well as 
the active investment environment, are likely to attract more 
companies. The Shenzhen Stock Exchange, the first and still one 
of only two in China, will be reborn by the end of this year to 
become a Nasdaq-style exchange that encourages more high- 
technology start-ups, allowing companies to post shares after 
just two years of profitability. The move is expected to encourage 
hundreds of small companies to list. 

Shenzhen continues to impress. On a visit in 2005, Premier 
Wen Jiabao stated that Shenzhen should be a role model for 
other cities in China. 

Policymakers in Hong Kong have also recognized the city’s 
achievements, and this will lead to an entirely new phase in Shen- 
zhen’s remarkable growth. In the past, Hong Kong has resisted 
efforts to forge tighter links with its mainland neighbour. But 
on May 21, Joseph Wong, Hong Kong’s secretary for commerce, 
industry and technology, and Liu Yingli, Shenzhen’s executive 
vice mayor signed an agreement on technological collaboration 
called the ‘Shenzhen—Hong Kong Innovation Circle’. 

The idea behind the collaboration is to integrate the comple- 


mentary assets of each: Hong Kong’s well-established universities 
and researchers, experience with intellectual property, and inter- 
national finance know-how with Shenzhen’s wealth of entrepre- 
neurs, manufacturing ability, innovation and sheer determination. 

Executive Vice Mayor Liu says that the Hong Kong collabora- 
tion is the key to the city’s future growth. Even greater ties might 
be in the offing. The idea of a Hong Kong-Shenzhen metropolis 
was mapped out in a recent report by Bauhinia Foundation Re- 
search Centre, a Hong Kong-based think tank closely tied to 
the government. The report found that facilitating transport 
and travel between the two cities and increasing financial co- 
operation would be mutually beneficial and would create a Hong 


Kong-Shenzhen metropolis, with an area greater than London, 
to become the third largest in the world by 2020. 


Shenzhen’s vibrant research environment and the availability of human resources, as 
well as the active investment environment, is attracting many companies to the city. 
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A man ona mission 


Liu Yingli, executive vice mayor of Shenzhen and one of the 
key innovators behind the development of the city, is a man on 
a mission. 

“Shenzhen is often misunderstood,” he says, while explaining 
the city’s rapid development. 

We are more than a commercial city providing a factory 
at the back of the Hong Kong shop-front, he explains. From 
the beginning, Shenzhen planned a high-tech industry and 
a university. 

Liu cites four major factors in Shenzhen’s success. First is the 
opening up of Shenzhen as a special economic zone by the cen- 
tral government. “That allowed us to take the lead in developing 
a market economy, which is a fundamental reason for our suc- 
cess”, he says. 

The second factor, he believes, was timing. At that time, in the 
early 1980s, there was an industrial shift in which multinationals 
were beginning to outsource to centres around the world and 
Shenzhen offered a good low-cost option. 

“Third,” says Liu, “citizens, government officials and academics 


came from all corners of China to Shenzhen. These people were 
by nature enterprising, innovative and ambitious. Innovation is in 
their blood,” he enthuses. 

The fourth factor Liu points to is proximity to Hong Kong. 
“Hong Kong has a well-developed market economy. It’s a world 
-class financial, trading and logistics centre and we benefit a lot 
from those attributes.” 

Liu sees Hong Kong as key to the future development of 


Liu Yingli — Biography 


Executive Vice Mayor Liu Yingli of Shenzhen Municipal Government. 


Shenzhen. He is the prime instigator on Shenzhen’s side of the 
‘Shenzhen-Hong Kong Innovation Circle’, a joint initiative of the 
two local governments to create a ‘united metropolis’. 

Four universities in Hong Kong — Hong Kong University of 
Science and Technology, the University of Hong Kong, City 
University of Hong Kong, and the Chinese University of Hong 
Kong — are each putting HK$50-100 million (US$6.5-13 million) 
per year into research centres in Shenzhen. 

The relationship between Hong Kong and Shenzhen is very 
different compared with 20 years ago and the presidents of Hong 
Kong universities know mainland China well, according to Liu. 

Twenty-eight academics of the Chinese Academy of Sciences 
are in Hong Kong, and Hong Kong universities now have many 
students from the mainland. These universities will play a “prime 
role” in the Innovation Circle, explains Liu. 

Equally important are the academic institutions in Shenzhen, 
where Tsinghua University has had a presence for more than 10 
years, first as a research institute and now as a graduate school. 
One hundred and thirty universities have carried out projects in 
Shenzhen according to Liu. 

So, what are the key challenges that lie ahead for Shenzhen? 
There are many, according to the vice mayor. Foremost is the 


recruitment of talented people, who, he says, are “worth a 
fortune” for science and technology development. 

“The flow of talented people is without boundaries in this 
global world,” notes Liu. “One of our biggest challenges will be 
to attract and keep good people.” 


From farm worker to executive vice mayor 
of Shenzen, Liu Yingli's career had an un- 
usual start. 

Born in 1948, Liu was sent to a farm in Jilin 
Province as an “educated youth” from 1968 to 
1970, during the Cultural Revolution. Then, 
until 1978, he was group leader of the Plan- 
ning and Management Group of the First Au- 
tomobile Works in Changchun, Jilin Province. 
Liu was one of the “lucky class of '77” allowed 
to re-enter university when China re-started 
higher education. He studied applied mechanics 
at Jilin Industry University and stayed to com- 
plete a masters degree in computational me- 
chanics of engineering technology. 

Then, Liu took the unusual step of accepting 
a job as an engineer in the Electronics Re- 


search Institute of Shenzhen, when the city 
was little more than a small fishing village. 
During this time he spent a year in Canada 
working for a software company, ACDS. 

In 1992, Liu joined the local Shenzhen govern- 
ment and rapidly rose up the ranks of the Fi- 
nancial Planning Department of the Bureau of 
Science and Technology to eventually become 
head of the department. He was then appoint- 
ed assistant to the general director of the Bu- 
reau of Science and Technology of Shenzhen 
before becoming vice director of the bureau. 
Since then he has held many appointments, in- 


cluding vice secretary general of the Shenzhen 
Municipal Office from 1996 to 2002, and direc- 
tor of the Lead Group of the High-Tech Industrial 
Park of Shenzhen city since August 1997. 


From September 2002 to May 2005, Liu was 
vice mayor of the Shenzhen Municipal Gov- 
ernment and a member of the municipal Com- 
munist Party committee. From January 2003, 
he was also the director and secretary of the 
Communist Party committee of the Lead 
Group of the High-Tech Industrial Park, chair- 
man of the Research Institute of Tsinghua Uni- 
versity in Shenzhen, chairman of the National 
Engineering Centre for Biotechnology in 
Shenzhen, and dean of the Chinese Academy 
of Science and Technology Development. 
From May 2005, he has been a standing mem- 
ber of the municipal Communist Party com- 
mittee and executive vice mayor of Shenzhen 
Municipal Government, while continuing in 
his many other roles. 
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A platform for growth: 


yy 
the China Hi-Tech Fair VELL 


www.chtf.com/english 


The China Hi-Tech Fair was established in 1999 as a platform 
for international companies, investors, inventors, entrepreneurs 
and relevant government bodies to meet, exchange ideas, make 
business deals and establish collaborations. 

Organized by the Shenzhen Municipal Government, approved 
by China’s State Council and co-hosted by eight government 
ministries and agencies, the Chinese Academy of Sciences, Chi- 
nese Academy of Engineering and the Shenzhen Government, 
the fair is held on October 12-17 every year. 

Its huge success in just 9 years has attracted the world’s 
attention, putting Shenzhen on the high-technology map. 

“The city needed to create its own ‘name card’ to create a 
brand name,” says Wang Xuewei, director general of the Shenzhen 
Bureau of Trade and Industry who supervises the fair. 

In this city of immigrants, Wang’s 20 years in Shenzhen make 
him one of the most experienced policymakers. Formerly an 
engineer at the Institute of Optics, Fine Mechanics and Physics 
at the Chinese Academy of Sciences, Wang watched during the 
late 1980s as companies from the US and Europe moved in to 
manufacture clothing, shoes and toys. He watched during the 
1990s as companies from the same developed countries began to 
produce and assemble basic electronic goods such as televisions 
and radios. Shenzhen companies were usually the original 
equipment manufacturer of products that were repackaged and 
sold by the foreign companies. 

But he also watched as companies in Shenzhen and throughout 
China gained competency in these areas of basic electronics, 
setting the stage for China’s emergence in the high-tech industry. 
“Now we need a platform to develop these strengths,” he says. 

The China Hi-Tech Fair is doing the job. “We want to use this 
event to enhance our production base in these areas,” says Wang. 


“It is a bridge between technology resources and enterprises, and 
its purpose is to show the world what Shenzhen wants to be.” 
Companies and regional governments from all over China 
attend the fair, but Shenzhen has a special place because of its 
proven manufacturing ability, which promises to give life to bold 
ideas. It is a natural complement for many of the companies 
or entrepreneurs at the fair. “People come here with ideas and 
designs, but no ability to produce,” Wang says. “Here we may not 
have all the ideas, but we know we have the ability to produce.” 
The fair has grown rapidly as word has spread about the 
opportunities it presents. Between 1999 and 2006, the number 


of countries and regions represented grew from 26 to 42. The 
number of programs more than doubled, from 4,150 to 9,765, 
as the number of exhibitors increased from 2,856 to 3,278. The 
number of investors jumped from 955 to 2,690. Twenty-five 
foreign governments send delegations, compared with five in 
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Boundless opportunities for anyone with a good idea. 
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Opening a new chapter in Shenzhen’s history. 


1999. And the number of visitors has doubled, from 300,000 in 
1999 to 612,000 in 2006. 

The fair leads China in focusing on topics of vital concern to 
the country. In 2006, for example, the fair hosted a ‘Recycling 
Economy Exhibition’. The exhibition’s 7,500 square metres show- 
cased leading technologies in energy conservation, new energy, 
ecological and environmental protection, population and health, 
and green agriculture. This tribute to sustainable development, 
a topic of crucial importance to China, was capped with a spe- 
cial section devoted to the Bluesky Award for Renewable Energy 
Technology and Investment. The special event was hosted by the 
United Nations Industrial Development Organization. 

Last year’s fair also featured another topic that has been in the 
headlines as China emerges on the world’s high-technology stage — 
intellectual property rights. The event featured a forum with senior 
intellectual property experts from companies and law firms, from 
China and abroad, to discuss the special challenges faced in China. 

Wang relates a story about someone who came to the first fair 
with patents but little else and, during the course of successive 
fairs, made connections that positioned him as the chief executive 
officer of a RMB 100 million company. Wang says there have been 
many such success stories, and the people of Shenzhen have so 
much energy that he expects to see many more. “People who think 
they have something great see an opportunity here and so they 
come,” he says. 


Filling a gap in the innovation system ~ 
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Shenzhen Virtual University Park 


The Shenzhen Virtual University Park was established in Sep- 
tember 1999 at a crucial time in Shenzhen’s development. 

In 1980, Shenzhen became the first of Deng Xiaoping’s ‘spe- 
cial economic zones’. The following 10 years marked Shenzhen’s 
emergence as a cheap manufacturer of products outsourced 
from Western countries. During the 1990s, Shenzhen em- 
barked on a plan to develop its own core technology, to train 
and attract more technologically advanced human resources, 
and to generate intellectual property. 

Qiu Xuan, the director of the Shenzhen Virtual University 
Park says, “As the competition between Shenzhen’s processing 
enterprises intensifies, their individual expectation to take the 
lead in technological innovation and to own core technology 
creates market demand for high-end technologies. Usually you 


would look to the universities to take the lead in innovation, 
but there was not enough university-based research and training 
here. Because it was such a young city, we had to look outside.” 

The Virtual University Park is devoted to bringing in high- 
calibre researchers, teachers, and intellectual property to help the 
city’s development. Forty-eight research institutions have joined 
the park, including the University of Hong Kong, the Chinese 
University of Hong Kong, Hong Kong University of Science and 
Technology, and three other top Hong Kong institutions. Several 
institutes, among them the prestigious Chinese Academy of 
Sciences, the Chinese Academy of Engineering, and the Chinese 
Academy of Social Sciences, also joined. Top Chinese institutions 
such as Peking University and Tsinghua University signed up, 
as did four overseas universities, including the Lyon Central 
Polytechnic University in France, the University of Alberta in 
Canada, Budapest University of Technology and Economics, and 
the University of Miskolc in Hungary. 

The high-tech enterprises in Shenzhen have now expand- 
ed and urgently need to export their products and trade 
technologies. This forced them to cooperate with foreign uni- 
versities. Qiu says that the Virtual University Park is looking 
to recruit high-end talent, industrialize achievements, and de- 
velop international exchanges. At the moment, foreign univer- 
sities are actively being introduced. 

The park serves two main functions. The first is to provide 
higher education, especially targeted at workers in Shenzhen 
who want to improve their skills or attain a higher degree, and 
join the city’s high-technology boom. Many of these students 
are sent by their employers for additional training. 

Despite its name, the university provides face-to-face 
courses. Professors from 35 of the member universities travel 
to the park to give courses, often on weekends or evenings. 
Administrators carry-out market research with the universities 
to determine which courses will be needed. If they are well 
attended, they survive, says Qiu. A logistics course offered by 
the Shanghai University of Communications is so popular that 
only one-third of the students can get in each term, says Qiu. 
The park has trained 70,000 students, and bestowed nearly 


Shenzhen Virtual University Park provides higher education to Shenzhen’s workers who want to 
join the city’s high-technology boom. 


1,000 doctorates and 17,000 masters degrees. 

The park’s main function, however, is technology transfer and 
the licensing of technology from its member universities and 
other research organizations. An area of 160,000 square metres 
is devoted to incubating enterprises. Another 180,000 square 
metres of office space for incubators is under construction. 
“More than 200 companies have been born from our 
incubators using technology from member universities,” says 
Qiu. “Of the incubated projects, we have a 90% success rate.” 
To help businesses grow, the park organizes meetings among 


ocal investment companies, government agencies involved in 
the promotion of industry, and professional associations. The 
Virtual University Park is also building its own university science 
park, a project that has been granted National University Park 
for Science and Technology status by the Ministry of Science 
and Technology and the Ministry of Education. 

Qiu’s next goal is to bring some State Key Laboratories to 
the park. China has about 180 of these prestigious institutions, 
mainly within the universities and national laboratories. They 
each support a few hundred graduate students. Qiu says this 
would help the park carry out its role of filling the gaps in 
Shenzhen’s emergence as a high-technology power. “Shenzhen 
is short on research, just like it was short on higher level 
university training,” says Qiu. “Our most important work is to 
build the laboratories that can give local industry support. 


Shenzhen Virtual University Park 
www.szvup.com 


Shenzhen Municipal Bureau of Land Resources and Housing Management 
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Bridging academic 
excellence and innovation 
with entrepreneurship 


‘One university, one brand’ is a guiding principle of Tsinghua 
University’s new graduate school in Shenzhen. It reflects the 
school’s intention to maintain the high standards of academic 
excellence of its home institution Tsinghua University, far to 
the north in Beijing. At the same time, the Shenzhen graduate 
school seeks to create a new culture through interaction with 
Shenzhen’s vibrant economy and industry. 

Tsinghua University ranks as one of China’s top universities, 
alongside Peking University, its neighbour in Beijing. It is quite 
a coup for the Shenzhen local government to have persuaded 
both of these prestigious institutions to set up graduate schools 
in Shenzhen’s new university town. 

“Our graduate school is focused on developing professionals 
with leadership skills, international vision, and an enterprising 
and innovative spirit in a multidisciplinary research environ- 
ment,” explains Guan Zhicheng, the school’s dean. 

Established onanew campus on the outskirts of Shenzhen only 
4 years ago, the school has about 2,000 graduate students, with 
nearly 1,500 of them based full-time in Shenzhen. All students 
do some course work at the Beijing campus. About 80 full-time 
faculty and 200 part-time faculty from Beijing are spread across 
five divisions: information science and technology, engineering, 
life science, management, and science and liberal arts. 

Two-thirds of the full-time faculty are either from Tsinghua 
University or have connections to Tsinghua. 

“We apply exactly the same procedures for hiring faculty 
for Shenzhen as the main campus and therefore standards are 
just as high,” explains Guan. Similarly, students face the same 
rigorous standards for entrance to the graduate school and for 
completion of degrees as at the main campus. 

“| was not sure if | wanted to come to Shenzhen but once | 
got here | really liked it,” says Guan. The campus, next to Lake 
Xili and the mountains, about 30 minutes drive from the centre 
of Shenzhen, provides a quiet environment for study. The 
rapidly expanding high-tech industry of Shenzhen is nearby 
and interactions with industry are actively encouraged. 


Tsinghua University, which is particularly strong in engineering 


Graduate School at Shenzhen, Tsinghua University 


A production line for compact disks, developed initially at the Beijing campus, has been taken 
forward for further development at the Shenzhen campus. 
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Graduate School at Shenzhen, Tsinghua University 
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Graduate School at Shenzhen, 


The Tsinghua University Graduate School campus, next to Lake Xili and the mountains, provides 
a quiet environment for study. 


but is also branching out into life science and medicine, gener- 
ates about 800 patent applications a year. The Shenzhen grad- 
uate school has already produced 82 in its short life. 

The school aims to be a conduit for the transfer of tech- 
nology from Tsinghua University to industry. As an example, 
Guan points to technology for a production line for compact 
disks that was initially developed at the main campus but has 
been taken forward at Shenzhen with 14 additional patents. 
This production line has now been lent to a local company for 
further development. Until now, such production lines have 
tended to be imported from overseas. 

Professors in the Management Division have also taken part 
in developing an important new road map for an IP strategy for 
both the local and central government. Others are advising on 
transport infrastructure and logistics. 

The first batches of graduate students have completed 
their degrees. While the majority have gone elsewhere for 
employment, a significant proportion of them — particularly 
law students — have found jobs in Shenzhen. 

The Shenzhen local government is clearly pleased with the 
graduate school and is giving it RMB 90 million in one-off funds 
to set up new cluster laboratories. Tsinghua is establishing 
laboratories in three areas: ‘clean production’ to help local 
industry reduce pollution and increase efficiency; ‘new media 
technology’, including 3D video systems”; and ‘new medicines’ 
where the focus will be on basic research. With funding from 
Guangdong Province the school has also set up a key laboratory 
for research in chemical biology. 


Guan Zhicheng, 
Dean of the Graduate School at Shenzhen, 
Tsinghua University. 


Tsinghua University Graduate School 
Tsinghua Campus, University Town, Shenzhen 518055, P.R. China 
www.sz.tsinghua.edu.cn/en 
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An interdisciplinary new generation 


The challenge for the Shenzhen Graduate School of Peking 
University was living up to the reputation of its prestigious 
main campus in Beijing while carving out its own identity as 
a dynamic research institution that will help the development 
of one of the fastest growing cities in the world. After 5 years 
of innovative policies and generous support, the school is suc- 
ceeding on both fronts. 

The graduate school keeps close links to its home institution in 
Beijing. Students must complete the same entrance procedures, 
and faculty must meet the same rigorous hiring process. Faculty 
are largely recruited from Peking University or overseas. 

The new graduate school has one definite advantage over Bei- 
jing. Old academic barriers do not prevent interdisciplinary stud- 
ies. Environmental scientists and urban development specialists 
work together easily, while information technology is taking off 
on the basis of common ground shared by scientists and engi- 
neers working on software, systems, and semiconductor chips. 

One of the best examples of interdisciplinary studies is the 
Laboratory of Chemical Genomics. With more than 1,800 
lines of transgenic zebrafish and two common-use nuclear 
magnetic resonance machines, chemists and life scientists 
work together in the same building. Biologists identify and 
characterize important molecular interactions, and chemists 
design molecules needed to study them. Completing the loop, 
biologists feed the molecules they have created back into 
cellular systems for testing. The laboratory, with renowned HIV 
researcher David Ho as the head of its scientific committee, 
aims to provide targets for treating HIV, HCV and cancer. 

Ye Tao, a member of the chemical genomics laboratory who 
received his PhD at Queen’s University in Belfast, says the 
laboratory not only exemplifies the type of interdisciplinary 
research possible in Shenzhen, but is also unique in being run 
by a group of scientists who all trained in the West and work in 
a manner similar to Western universities. 

The involvement of Ye, a professor at Hong Kong Polytechnic 
University, also symbolizes the growing network of Hong Kong 
scientists who are bringing their expertise and entrepreneurial 
spirit to take advantage of the opportunities in Shenzhen. More 
of this interaction will occur since the two cities are in the process 
of finalizing a united ‘Hong Kong-Shenzhen metropolis’ plan. 

Yale University’s Zhang Hui, who also leads a research group in 
the chemical genomics laboratory, says that multinational com- 
panies are rushing in. “They want to come to China, and they 
look around and find our lab.” 

Wu Yundong, a member of the Chinese Academy of Science 
and also the vice chairman of the scientific committee of the 
chemical genomics laboratory, emphasized the laboratory’s 
unique operating system. The scientific committee works 
closely with the laboratory’s director, Yang Zhen, to ensure 
that interdisciplinary research work meets milestone-based 
targets and the goals for strategic research and development 
of the laboratory. The director and the principal investigator’s 


Shenzhen Graduate Shcool 
PEKING UNIVERSITY 


Peking University Shenzhen Graduate School 


Research at the Peking University Graduate School complements the strengths of Shenzhen’s 
industry (left). 
The chemical genomics laboratory, where much interdisciplinary research takes place (right). 


committee are responsible for all the hiring, resource alloca- 
tion and appraisal of laboratory members. 

The graduate school will also devote itself to supporting 
the municipality’s development. Law, business and social 
sciences curricula produce new talent for various sectors 
of government and private industry. In natural science and 
engineering, the graduate school has chosen to focus on fields 
such as information technology and life sciences that “match 
the strengths of Shenzhen industry”, says Executive Dean of 
Peking University Shenzhen Graduate School, Shi Shouxu. 

Such research will help the city reach its dream of becoming a 
high-tech hub, while at the same time ensuring that fundamental 
science underlying the necessary innovation is considered. “We 
won’t give up basic research but we will focus on research that 
might produce benefit for Shenzhen,” Shi says. 

After 5 years, the school now has 1,811 students. Thirty per 
cent of graduates stay in Shenzhen taking up positions in law or at 
one of the booming electronics companies like Huawei or ZTE. 

With generous funding provided equally by the local government, 
the central government, and industry, further growth is certain. 


Executive Dean of 
Peking University Shenzhen Graduate School, 
Shi Shouxu. 


Peking University Shenzhen Graduate School 
Lishui Road, NanShan District, Shenzhen 518055, P.R. China 
www.szpku.edu.cn/ips 
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A free environment and a 


window of opportunity for 


science and technology 


The Harbin Institute of Technology (HIT) is 3,034 kilometres 
from its new graduate education and research arm, the HIT 
Shenzhen Graduate School. But the distance between the 
famous mother institution in China’s northeast and Shenzhen 
on the southeast coast means little, says Jin Guangjun, the 
school’s executive dean. “HIT is not geographically limited. It is 
a brand name,” he says. 

And it is a powerful brand name. Founded in 1920, HIT has 
developed into one of China’s strongest institutions in computer 
semiconductor and 


science, laser engineering, materials 


science, and mechanical engineering including robotics. In 1999 


it was selected as one of nine Chinese scientific institutions 
to receive additional funding from the government so that it 
could develop its potential to world-class levels. 

The new graduate school will benefit from HIT’s expertise, 
experience, and history, but HIT also stands to gain from the 
fresh ideas that are starting to come from the south, ideas that 
provide a window to the future. With some 2,000 universities 
in China all fighting to show their value, HIT has to stay young, 
fresh, and well connected to industry needs. The Shenzhen 
campus, in the bustling and expanding economic hub of China’s 
Pearl River Delta, is helping it meet that goal. “We want to 
keep our top-nine status,” says Jin. 

Jin says he was attracted to Shenzhen because of the 
city’s spirit of independence: “We have freedom to do what 
we want, which is something different from the traditional 
Chinese university.” In Jin’s own field of urban design, the 
expanding city allows him to let his imagination unfold and 
take advantage of multidisciplinary expertise at the school. 
Over the past three decades Shenzhen has been transformed 
from a fishing village to a massively crowded and complex city. 
“The basic architecture is done. Now we have to make it a more 
comfortable place,” says Jin, who has been working on the ‘New 
City Center’ project in the Bao’an district. 

While maintaining strong ties to its home institution, 
the Shenzhen Graduate School will have a great degree of 


independence. The school can open up new interdisciplinary 
fields of endeavour, which willin turn give it the freedom to work 
flexibly with international collaborators and with industry. 

Indeed, promoting industrial collaboration is a driving force 
behind the graduate school. Already there are five laboratories 
from which HIT staff collaborate with local Shenzhen compa- 
nies. Local industry funds some 65 other projects with RMB 
16.4 million. 

It is rapidly becoming one of China’s most international 
schools, with 50% of courses taught in English. To achieve 
this, the school has taken advantage of increasingly strong ties 
with neighbouring Hong Kong. More than 30 professors from 
Hong Kong universities have adjunct positions at the graduate 
school. Some are paid, while others come to take advantage of 
the research funding available in Shenzhen. “Many more Hong 


Kong-based professors are interested in coming,” says Jin. The 
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Harbin Institute of Technology Shenzhen Graduate School 


HIT staff from the graduate school’s five laboratories collaborate with local Shenzhen companies. 


broad range of English curricula will help the school appeal to 
prospective foreign staff and students. “We want to broaden 
the international horizon. We would love to see even more 
foreigners here,” he says. 

The number of articles published by graduate school staff 
in key scientific and engineering journals, as indexed by the 
Institute of Scientific Information, jumped about tenfold 
between 2002 and 2006. Since its first group of graduate 
students signed up in June 2002, the school now has some 1,500 
masters students and more than 300 doctoral students from 
all over China. So far, graduates have had a 100% employment 
rate, with 70% being hired by Shenzhen’s booming companies. 
The very practical training given at the school has been key 
to this success, which benefits HIT, the graduate school, the 
students, and Shenzhen. 


Executive Dean of 
HIT Shenzhen Graduate School, 
Jin Guangjun. 


if Wl) | 


Harbin Institute of Technology Shenzhen Graduate School 
HIT Campus Shenzhen University Town Xili, 

Shenzhen 518055, P.R. China 

www.hitsz.edu.cn 
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Shenzhen Graduate School 


Human resources fuel economic transformation 


In early 1983, Deng Xiaoping, the reforming head of the Chinese 
Communist Party, was driving down the road near Shenzhen’s Back 
Bay when he passed a huge construction site. He was told it was 
the site for Shenzhen University and although construction had 
only started in spring, students would start enrolling the following 
fall. Deng nodded with a smile and said, “Shenzhen speed.” 

The university has become an engine for the spectacular 
growth of Shenzhen where, on Deng’s suggestion, a special 
economic zone had been established a few years earlier. 

“The history of the university is the history of the city,” says Zhang 
Bigong, the university’s president. Indeed, many of the buildings 
that have come to symbolize Shenzhen’s soaring economic growth 
were designed in the university’s school of architecture. 

Unlike most universities in China that are supported by the 
central government, Shenzhen University is funded by the city 
government. This gives it a greater degree of flexibility, which 
its leaders have used to establish a pioneering institution. 

Shenzhen University’s first two goals were to provide 
human resources and technology for the special economic 
zone; and to contribute to internationalization of the city by 
providing a forum where Chinese and foreign researchers could 
exchange ideas. 

Finally, the university itself would be an experiment in higher 
education. It has fulfilled this goal with policies such as putting 
its faculty on short-term contracts rather than hiring them as 
permanent staff, charging students a fee to cover part of their 
tuition costs, and giving a committee of professors the final say 
in important matters instead of the university president. 

Such pioneering efforts have made Shenzhen University a 
“hot” institution in just over 20 years, says Zhang. 

Although it was a new university, Deng’s support enabled 
Shenzhen to recruit high-quality faculty, mostly from Peking 
or Tsinghua universities. The 1,800 faculty include many 
notable researchers, such as Li Jingzhen, who has pushed the 
frontiers of extremely high-speed photography; and Ruan 
Shuangchen who has made lasers with practical applications in 
spectroscopy, fiber optics, medicine, and display. Niu Zenqiang 
of the university’s Optoelectronics Institute created a YAG laser 


that has been commercialized by Shenzhen United Winners 
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Shenzhen University has high hopes that its work in photonics will open up new industry in Shenzhen. 


Shenzhen University campus. 


Laser System. Sales of the lasers, in Japan and elsewhere, have 
already topped RMB 9 million. Liu Zhigang has capitalized 
on research into common allergens to produce an allergen 
diagnosis protein chip, which has been commercialized by 
Shenzhen Synogene Digital Co., Ltd. 

Many of the university’s 27,000 graduates have also become 
key players in Shenzhen’s economic development. Li Yi, a grad- 
uate in electronic precision machinery, has become the chair 
of the board of Shenzhen TRONY Science and Development 
Co., Ltd. Shi Yuzhu, who completed a masters degree in soft 
science management at Shenzhen University in 1989, went on 
to start a software company (Giant Corporation) and was, for 
atime, China’s eighth richest man. 

The university’s most famous success story is Ma Huateng. 
After graduating with a bachelors degree in computer science 
in 1993, Ma went on to co-found Shenzhen Tencent Computer 
System in 1998. 

The university’s contribution to Shenzhen has earned it on- 
going support, including RMB 90 million for scientific research 
in 2006 from government and local industry, nearly a 50% 
jump over the previous year. The university is now finalizing 
plans for a medical school, funded with RMB 3 billion. 

Internationally, the university’s presence is being felt, with 
600 international students from 40 countries and 30 of its 
faculty from overseas. Zhang has a vision of making Shenzhen 
University one of China’s top 20 universities over the next 
decade. The success achieved already and continuing support 
makes him confident it can be done. 


University President, 
Zhang Bigong. 


Shenzhen University 
Nanhai Avenue 3688, Shenzhen 518060, P.R. China 
www.szu.edu.cn/en 
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Huawei Technologies 


Chinese culture and Western 
expertise prove a successful mix 


Manufacture of telecoms equipment and provision of next- 
generation solutions for fixed, mobile and data communica- 
tions are core business for Huawei Technologies. 

More than one billion users and 31 of the world’s top 50 
telecommunications operators — including British Telecom, 
Vodafone and Telefonia — use Huawei’s products. From a small 
trading agent to a global telecommunications giant, the story 
of Huawei, the most-respected enterprise of Shenzhen, reveals 
how the market-orientated high-tech companies in Shenzhen 
were driven by customer demand, and how they developed and 
grew through innovation in management and technology. 

“Understanding and communicating with our customers is 
an important factor for our success,” says Xu Zhijun, Huawei’s 
chief marketing officer. 

“Since 1996 we have consulted with companies, including 
IBM and Hay Group, to develop a management style based 
on Western expertise which includes Chinese culture. Our 
management process enables us to speak the same business 
language as our customers.” 

Huawei also continues to innovate based on customer re- 
quirements and, unlike many other vendors, continued to in- 
vest in R&D during the ‘IT bubble’. In fact, 48% of staff are 
involved in R&D, which gives the company a leading edge in 
terms of both technology and solutions. The 3G base station is 
one such solution. 

“Conventional 3G base stations are ‘cabinets’ which require 
a lot of space which the operator must rent,” says Xu. “The 
initial cost is only about US$10,000-20,000 but the operating 
costs are high because the operator has to rent the space and 
pay for the large power supply. 

“We provide distributed NodeBs, which use less space and 
power with the result that running costs are cut by 30%. 
European companies, including Vodafone and Orange, are big 
users of this distributed NodeB solution,” he says. 


Huawei Technologies data centre. 
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Huawei Technologies 


Staff dormitory and swimming pool; Huawei offers competitive packages to attract talented staff. 


Huawei offers very competitive packages to attract talented 
staff. “It was difficult in the early days but our brand is very 
well known now and it is easier to find good people. Now for 
every one hundred CVs we accept only one,” says Xu. Huawei 
senior managers are aged in their 30s and typically manage 
businesses of US$1-2 billion. 


Huawei Technologies was founded 


in 1988 and is wholly 
owned by its 70,000 employees. The company started in 
Shenzhen from a small base and has grown with the support of 
Shenzhen’s pro-business policies. 

Challenges for the company have included the transition from 
domestic to international markets. In 1998, when Xu managed 
the company’s international business, the perception of 
Chinese products was shoes, toys and low-quality products. 

“When | talked with customers they did not believe that a 
Chinese company could produce high-tech equipment.” 

Huawei made a resolute decision to go global. 

“We were determined to expand to overseas markets, which 
is how we are here today,” explains Xu. Now, over 65% of sales 
are overseas and in 2006 the company generated net revenues 
of US$8.5 billion and US$11 billion in contracts. 

But, going global required an internationally recognized 
management process, which the company found through 
consulting with many Western companies. Future expansion is 
planned to take advantage of China’s low R&D costs. 

“Our business model of high-quality, excellent service, 
low operating costs and giving priority to customer requests 
cannot be copied by Western companies,” says Xu. 

Intellectual property is high on the list of priorities for 
Huawei, which has submitted more than 19,000 patent appli- 
cations to date. “Our company is only 19 years old and we 
are willing to discuss cross-licensing. We are prepared to buy 
patents. That is our strategy,” he says. 

How far can Huawei go in the future? Xu is confident, “We 
want to become the Toyota of telecoms! We are now aiming 
for this target.” 


Huawei Technologies 
Bantian, Longgang District, Shenzhen 518129, P.R. China 
www.huawei.com 
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ZTE Corporation 


Global success from local wisdom 


ZTE Corporation is the world’s fastest growing manufacturer 
of telecommunications equipment and wireless solutions. The 
company, which was founded 22 years ago by Hou Weigui, is 
China’s only telecoms company with shares traded publicly on 
both the Hong Kong and Shenzhen stock exchanges. 

An ongoing investment in R&D has enabled ZTE to provide 
customized technologies and services to companies in more than 
120 countries. Itis the only Chinese telecoms manufacturer to be 
listed in BusinessWeek’s 2005 Top 100 Information Technology 
Companies, as well as BusinessWeek’s 2006 Top 20 Brands. 

But how did a small start-up evolve into a US$4 billion 
company providing 3G technology after only 21 years? 

“Our success is firstly tied to China’s open-door policy launched in 
the early 80s, which stimulated a huge demand for telecommunica- 
tions-related equipment,” says senior vice president, Xie Daxiong. 

“Shenzhen’s designation as a special economic zone enabled 
us to grow initially with production of digital switches, then 
fixed transmission and mobile communications.” 

ZTE now has more than 100 products, embracing wireless, 
wireline, service and terminal technologies. 

“Shenzhen has always been very helpful to us,” says Xie. 


“Our initial market was rural China, then we concentrated on 
the cities and finally we went global. Now, 52% of our sales are 
from overseas business.” In the first half of 2007, ZTE’s total inter- 
national business revenue was RMB 7.97 billion. This figure has 
increased by 99% in comparison with the same period in 2006. 

Forty per cent of the company’s 40,000 employees are 
involved in R&D, across 15 wholly owned R&D centres in North 
America, Europe and Asia. The R&D staff are hired locally and 
given well-defined objectives. 

“We recruit the best people to achieve our goals,” says 
Xie. “From the early days of launching the company, we have 
invested about 10-12% of our annual revenue on R&D.” 

ZTE also provides customers with training at nine dedicated 
facilities worldwide, including the ZTE University, which has 
trained more than 130,000 people in China and overseas. 

At the end of July 2007, the company had submitted more 
than 9,300 patents. Attaining intellectual property rights has 
been a core element of its strategy since inception. 


ZTE handsets of the future. 


ZTEDR 


Zhongxing Telecommunication Equipment (ZTE) Corporation 


“We produce our own IPR portfolio which enables us to 
interact with much larger companies through cross-licensing 
agreements,” explains Xie. 

Examples of ZTE’s patented innovations include the world’s 
first CDMA mobile telephone with a detachable SIM card, which 
was launched in 2000 and the world’s first global open trunking 
architecture system (GoTa) CDMA-based digital technology an- 
nounced in 2004. These technologies were the first to be licensed 
to overseas vendors by a Chinese telecoms manufacturer. 

“The future is in wireless communications; both systems and 
handsets,” says Xie. “Chip design is one of our core technologies 
which we will use for development of new products and solutions.” 

Success is based on motivated and innovative staff, and 
ZTE recruits from China’s top universities. Employees have an 
average age of 30, about 70% are university graduates and, of 
these, 25% have a masters degree and 1.4% have a PhD. ZTE 
has been voted ‘Most Favorable Enterprise for Employment’ 
for four consecutive years by 60 universities in China. 

The company has a global presence, with collaborators that 
include Vodafone, Alcatel, Ericsson and France Telecom in Eu- 
rope. It maintains three R&D centres in the US; has customers in 
South America including Brasil Telecom and VIVO; enabled the 
first 3G call made in Africa; and has customers in Saudi Arabia, 
Pakistan, Tajikistan, Mongolia and Vietnam. This global success 
epitomizes ZTE’s motto of ‘Global success from local wisdom’. 


ZTE Senior Vice President, 
Xie Daxiong. 


ZTE Corporation 

ZTE Plaza, Keji Road South, High-Tech Industrial Park, 
Shenzhen 518057, P.R. China 

wwwen.zte.com.cn 


ZTE headquarters and R&D building in Shenzhen 


ZTE Corporation 
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BYD Company Ltd. 


The world’s largest manufacturer of rechargeable batteries has 
successfully turned its hand to other IT components and automo- 
biles. BYD Company Ltd., established by Wang Chuan-fu and 30 
like-minded people in 1995, now employs more than 100,000 
people and is listed on the Hong Kong stock exchange. This is a 
success story of Shenzhen’s high-tech enterprises winning wealth 


through the integration of labour and technology, and ultimately 
walking the path of high-end research and development. 

With the goal ‘Build Your Dreams’, president Wang says the found- 
ers took advantage of China’s unique business factors — namely, the 
availability of low-cost, talented people and an enormous market. 

“The huge demand for IT products and automobiles in China 
says Wang. “With 
them, they brought their supply chain and hence a route for 


brought many overseas companies here,” 


our products. Our business model could not possibly be used 
in countries like the USA or Japan.” 

In the early years the company focused on the manufacture 
of rechargeable batteries. Intense investment in innovative 
R&D enabled BYD to produce high-quality, low-cost products 
that attracted customers including Motorola and Nokia. 

The revenue generated from batteries and other !T components 
gives BYD the scope to enter other business sectors. 

“We found that the battery and IT components market was 
difficult to expand,” says Wang. “We decided to enter the au- 
tomobile business because we thought it had a brighter future.” 
In 2003 BYD bought the Tsinchuan Automobile Company, and 
created the BYD Auto Company Ltd. 

“The battery and auto businesses are both labor intensive so 
we thought we could translate our experience [in] manufacturing 
high-quality batteries at competitive rates to the auto industry,” 
explains Wang. 

R&D is central for both businesses and BYD acquired non- 
patented technology to improve the quality of its products. The 


company has seven industrial bases across China, covering a 


network of R&D, production and logistics. The factory in Xi’an 
can produce 200,000 cars per year. The BYD F8 is the first car 
in China with a retractable glass hard-top roof. 

Another important decision was locating the company’s 
headquarters in Shenzhen. “In 1995 Shenzhen’s special eco- 
nomic zone was very open to doing business. The municipal 


The BYD F3e integrates BYD’s IT and auto businesses. 


BYD’ s journey began with its high-quality, low-cost rahargeabite batteries. 
BYD’s headquarters in Shenzhen. 
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BYD COMPANY LIMITED 
BYD Company Ltd. 


government had many useful regulations for establishing busi- 
nesses here. It was an age of the market economy and Shen- 
zhen took the lead,” says Wang. 

The company places a high priority on recruitment, with 
production workers and R&D staff recruited from across China. 
R&D on materials, software and vehicle engineering is carried 
out at the BYD Central Research Institute and the Telecom and 
Electronics Research Institute, where activities include WiFi, 
acoustics and auto electronics. 

Technicians and production staff are trained at BYD’s technical 
school, which covers an area of 60,000 square metres within the 
BYD industrial park in Longgang. BYD provides free dormitories 
and sports facilities for its employees. They even have their own 
village with a kindergarten, club, restaurant and supermarket. 
The company fully sponsors its own BYD middle school, which 
is authorized by the Shenzhen Municipal Government. 

Maintenance of intellectual property rights (IPR) is impor- 
tant for such a young company. “With 80-90% of our products 
for export, we must maintain a high-quality IPR portfolio. In 
2006, the company was granted 1,166 patent applications.” 
Altogether, BYD has 2,500 patent applications, including those 
granted and pending. More than 1,000 cases are filed in China 
and at least 50 cases in other countries each year. 

BYD was chosen as one of the ‘Stars of Asia’ by BusinessWeek 
magazine in 2003 owing to the success of its Li-ion battery. 

“The Li-ion business was dominated by Japanese industry but our 
products gave the market an alternative manufacturer,” notes Wang. 

The high quality and low cost of BYD’s batteries have been 
key factors in their international acceptance. 

Plans for the future are based on BYD’s core technologies of 
IT components and automobile manufacture. The company is 
already using its batteries to produce electric cars. 

“The F3e is our first battery-powered vehicle. BYD stands for 
‘Build Your Dreams’ and we are confident that we can succeed 


with electric vehicles,” says Wang. 


BYD Company Ltd. 
Yan'an Road, Kuichong, Longgang, Shenzhen 518119, P.R. China 
www.byd.com 
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BYD’s president, Wang Chuan-fu, accepts BusinessWeek ‘Star 
of Asia’ award from former US president, Bill Clinton (right). 


Multi-dimensional platform 


connects people across China 


Tencent is China’s leading internet company, connecting more 
han 600 million registered instant messaging (IM) user 
accounts and over 30 million peak simultaneous online user 
accounts. The company was launched in 1998 by Ma Huateng 
CEO) and Zhang Zhidong (CTO), both computer engineering 
graduates from Shenzhen University. Tencent is a success story 
of Shenzhen local university students and how they combined 


T and lifestyle into not only a new business model, but also the 
‘Shenzhen dream’. 

“In 1998 the founders wanted to start a Chinese paging 
network, which we eventually called QQ, for connecting 
people in real time via a platform that used the internet,” 
says the president, Martin Lau, who has a masters degree 
in electrical engineering from Stanford University and an 
MBA from the Kellogg Graduate School of Management, 
Northwestern University. 

Tencent’s QQ instant messaging platform was extremely 
successful, making a profit of US$53.9 million in 2004. In 
June 2004, the company went public on the Hong Kong stock 
exchange where the initial offering raised HK$1,787.8 million. 

The QQ platform has grown tremendously because it provides 
a multi-dimensional way for people to stay connected. “QQ is 
not just text but a very rich means of staying connected either 
visually, using PC-to-PC instant messaging, as personalized 


animated characters called avatars, or by interactive games 
such as chess and cards,” says Lau. 


But how has Tencent succeeded in China where giants 
like Google and Yahoo struggled? The answer lies in China’s 
unique internet landscape where more than half the internet 
users are under 30 and interested in using it for chatting and 
entertainment, rather than searching for information. 

“QQ is successful because in China there is a huge demand 
for the internet as a means of socializing. Also, China is a huge 
country and people on the move want to stay connected so 
they use QQ,” explains Lau. 

A browse through Tencent’s website also shows the variety of 
ways that people can connect. “We have content that enables a rich 
way of connecting. It’s not just text messages as in e-mail. People 
can connect by playing games or sharing photo albums and music,” 
says Lau. 

Locating the company in Shenzhen was an important 
component of its success. “The availability of talented staff was 
extremely important,” explains Lau. “Shenzhen attracts talented 
people from all over China because of its vibrant environment 
and entrepreneurial spirit. 

“We could say that the city itself is a ‘start-up’ and its 
government entrepreneurial. The city government is proactive 
in a number of ways, such as giving tax advantages, the use of 
telecommunications infrastructure and organizing conventions 
to attract investors,” he says. 

Commenting on Tencent’s recent award of ‘Best Chinese 
Lifestyle Brand’, Lau notes it shows that QQ has become a part 
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People can connect to Tencent’s QQ by playing games or sharing photo albums and music. 


of people’s lives. 

And for the future? “We are focusing on communications and 
community; entertainment, such as online games and videos; 
content in the form of music portals and video channels; and 
e-commerce — which is a new business area for us,” says Lau. 

“The internet has an enabling power. It is still in its infancy and 
many more innovations and business opportunities are yet to come." 

Lau says that for Tencent to evolve, the key factors will be 
to attract motivated people, stay entrepreneurial and build 
around the company’s core technologies and ideas. 

It seems as though Tencent’s mission to create an ‘online 
society’ in China has only just begun. 


Tencent president, Martin Lau, 
says Shenzhen attracts talented 
a people from all over China. 


Tencent Holdings Ltd. 

Fiyta building, Gaoxinnanyi Avenue, Southern District of 
Hi-Tech Park, Shenzhen 518057, P.R. China 
www.tencent.com/index_e.shtml 
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Shenzhen base for 


world’s first gene therapy 


ABs 
‘SIBIONO 


SiBiono GeneTech Co., Ltd. 


Felix Cheung 


Gendicine, a recombinant adenoviral-p53 agent primarily for 
head and neck cancer, was the world’s first gene therapy product 
to be approved for commercial production when it was given the 
go ahead by China’s State Food and Drug Administration (SFDA) 
in January 2004. That it was developed in Shenzhen reflects the 
Shenzhen economic zone’s high-technology research and devel- 
opment strategy. 

Gendicine was the brainchild of Peng Zhaohui, chairman of 
Shenzhen SiBiono GeneTech Co., Ltd. Gendicine received new 
drug certificate approval from the SFDA in October 2003, a 
manufacturing licence in January 2004 and has been on the 
market in China since April 2004. 

A biochemist by training, Peng was previously a professor and 
director of the Institute of Molecular Biology at China’s Nanfang 
Medical University. He has studied at Chiba University in Japan 
and at the University of California at Los Angeles and worked 
for a biotech company in the US, before returning to China 
in 1998. 

After returning to China to establish SiBiono, Peng initially 
considered moving to Beijing or Shanghai, before finally opting 
to locate in Shenzhen because the Shenzhen government 
supported the project as part of its policy of attracting innovative 
high-tech companies. 

“Another advantage of Shenzhen is the presence of a number 
of excellent universities,” says Peng. 

“Given the need for specialized staff in such a venture, as well 
as graduates from Shenzhen and elsewhere in China, SiBiono 
recruits specialists from overseas,” he adds. 

About 10% of SiBiono’s staff are Chinese who have re- 
turned from overseas. The company provides competitive 
salaries and challenging career opportunities to help minimize 
staff turnover. 

As of July 2007, Gendicine had been administered to more 
than 6,000 patients, about 400 of whom were Caucasian. 
Most treatments were for solid tumours such as head and neck 
squamous cell carcinoma (HNSCC), hepatocellular carcinoma 
(HCC), nasopharyngeal carcinoma (NPC), and other cancers 


that are relatively common among Chinese populations. 

“Gendicine has been used off-label for more than 50 different 
types of cancer, but the only approved indications are for NPC 
and HNSCC,” explains Peng. 

While Gendicine monotherapy is effective, it has significant 
synergistic effects in combination with chemotherapy, radio- 
therapy, surgery, or thermotherapy. For example, in a phase 
I/II clinical trial in HNSCC patients, 64% were in complete re- 
gression after 8 weekly injections of Gendicine combined with 
adiotherapy, which is 3 times greater than with radiotherapy 
alone. Five-year follow-up results demonstrated that Gendicine 
improved radiotherapeutic tumour control by 11 times versus 


adiotherapy alone in NPC patients, with the 5-year overall 
survival and tumour-free survival rates being 13.5% and 28% 
higher than the radiotherapy control group, respectively. In 


ate-stage HCC, Gendicine with chemotherapy was associated 
with a short-term efficacy of 67%, which was 16% higher than 
chemotherapy alone, while the 1-year survival rate increased 
19.4% with the combination. 

Gendicine is safe, with no evidence of the extreme immune 
responses reported with adenoviral gene therapies elsewhere. 
“In about half of the patients there was a low-grade fever about 
3 hours after the injection, which lasted 2 to 6 hours then 
spontaneously regressed,” says Peng. 

“At present, SiBiono’s manufacturing capacity is about 
150,000 Gendicine doses per year, which is likely to increase 
next year after the company moves to its new RMB 200-million 
production facility, still in Shenzhen. Gendicine is manufactured 
according to current Good Manufacturing Practice, a system 
for ensuring that medicines are consistently produced and 
controlled according to quality standards. 


Shenzhen SiBiono GeneTech Co., Ltd. 

Shenzhen Hi-Tech Industrial Park (North), Langshan Road, 
Shenzhen 518057, P.R. China 

www.sibiono.com 


Chairman of Shenzhen SiBiono GeneTech Co., Ltd., Peng Zhaohui, was attracted to Shenzhen by government support for innovative high-tech industry. 


Pioneer in mobile memory 
storage is Shenzhen success story 


Netac Technology Co., Ltd. illustrates the success of Chinese 
students who established their business in Shenzhen and 
ventured into the world via the China Hi-Tech Fair platform. 
Since its establishment in the Shenzhen economic zone in 1999 
as a pioneer of USB flash drive memory storage systems, Netac 
has emerged as an R&D leader in mobile memory storage and 
digital entertainment products worldwide. 

In 1999, while Frank Deng was still a student in Singapore, he 
heard that Shenzhen was organizing the first China High-Tech 
Fair. He immediately rushed to the city with his rough sample of 
the now ubiquitous ‘flash drive’ and an invention patent. 

Deng attended the fair with almost no expectations. But, 
courtesy of the fair, he had access to a free exhibition booth, 
food and accommodation. And when an investor from Singapore 
heard of his invention, he contacted Deng immediately and 
decided to invest in developing the technology. Shenzhen 
government later provided RMB 12 million as venture capital 
funds so that he could file the patent for his invention. 

“Shenzhen has excellent government services. Both the local 
and central governments encourage innovative technology 
companies, as China moves towards high-technology production 
and innovation,” explains Netac’s president and CEO Deng. 

Netac’s major activity in Shenzhen concerns R&D, which 
is carried out at the company’s state-of-the-art facility in the 
Incubator Building of the Chinese Academy of Science and 
Technology Development. However, R&D can be prohibitively 
expensive, especially for a technology start-up company. 

“The Shenzhen government has set up an IT design platform, 
which we use at a low cost,” says Deng. “Such platforms 
are normally very expensive and the Shenzhen government 
allows all of the local IT design companies to rent the 
platform very cheaply. 

“The science and technology department of the Shenzhen 
government has also been very helpful and supportive towards 
us and very quick in responding to any R&D or IT problems,” he 
explains. Shenzhen seems to be better in this regard than other 
major cities of China, according to Deng. 

Another advantage of Shenzhen is the abundance of qualified 
staff. “It is not difficult for us to recruit talented people,” says 
Deng. While some of Netac’s staff training is done in-house 
the company also sponsors some of their R&D and IT design 
engineers to do graduate studies at universities in Hong Kong. 

“Of course, many of our engineers have also studied here in 
Shenzhen, where many of China’s leading universities, including 
Tsinghua, Peking and Harbin, have branches. The Shenzhen 
government has attracted leading mainland universities 
to establish graduate schools in Shenzhen. This is a local 
government policy and a lot of our staff have studied there.” 

Netac offers expertise and services to develop products 
according to clients’ needs. The company has a small manufac- 
turing facility in Shenzhen and provides original design manu- 
facture and original equipment manufacture to customers such 


Netac Technology Co., Ltd. 


Netac is among the world’s leading suppliers of mobile memory storage and digital entertainment products. 


as Dell, IBM, Samsung and Toshiba. In fact, 80-90% of prod- 
ucts are made on an ‘original equipment manufacture’ basis. 


“We also sell our own brands to them,” says Deng, adding 
that 70% of his company’s output is for domestic consumption, 
with the rest being middle- to high-end items for export to 
markets worldwide. 

Netac is among the world’s leading suppliers of digital 
entertainment products, with a major focus on MP3 players for 
in-car audio systems. 

“We are focusing particularly on USB hard drives. This is a very 
big market, not only for PCs, but also for use in TV,” adds Deng. 

Netac’s only competition comes from manufacturers in the US 
and Taiwan. “We are absolutely number one in mainland China, 
where no-one can compete with us,” says Deng, noting that 
Netac has filed more than 300 patents covering USB flash drive 


technology worldwide, including the US, Korea, Singapore, 
Hong Kong, China, Europe and Japan. 


Netac President and CEO, 
Frank Deng. 
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Netac Technology Co., Ltd. 

6F, Incubator Building, 

Chinese Academy of Science and Technology Development 
No.1 High-Tech South Street, Shenzhen 518057, P.R. China 
www.netac.com 
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A biotech/pharmaceutical company specializing in drug discovery 
and development is unusual in China, where most pharmaceutical 
companies make generics. Shenzhen Chipscreen Biosciences Ltd., 
using its own integrated chemical genomics discovery platform, is 
one of the few companies operating in this area. 

Chipscreen was founded in 2001 as a Sino-US joint venture 
by the company’s director, president and chief scientific officer, 
Lu Xianping, and other returnees from the US. 

“The first thing you notice about Shenzhen after living in the 
US is that it is very beautiful, is much cleaner and has better 
weather than other Chinese cities,” says Lu. 

“Moreimportantly, several years ago Shenzhen began undergoing 
dynamic commercial development and we liked the strong market 
economy, which is really pushing us forward,” he says. 

In some ways Shenzhen reminds Lu of his former base in 
California. “I spent 10 years in San Diego, which, like Shenzhen, 
has an immigrant culture and is very vibrant and innovative.” 

The Shenzhen government was very supportive in terms of 
issuing permits and other paperwork needed to start the company 
and import the high-tech equipment they needed. Chipscreen also 
received about $US2.5 million in government research grants. 

“If we had tried to do this elsewhere in China, I’m not sure 
it would have worked,” says Lu. Chipscreen is partnered with 
Tsinghua University, one of the company’s largest shareholders 
and owners of the building housing its headquarters. 

The company has more than 50 employees, 27% of them 


with PhDs. Investors come from Singapore, Hong Kong and 


from other Chinese cities. 


Most people working here have been here for several years, 
so we do not have problems retaining staff,” says Lu, who plans 


to hire more people as the company continues to grow. 

“Most of our PhDs are trained in the US, which is important,” 
he says, noting that in the past, the Chinese generics-based 
industry had not been highly skilled in terms of innovation and 
discovery, although this is changing with the new generation of 
Chinese PhDs. At Chipscreen, “we are innovators, not imitators”. 

Chipscreen minimizes drug development time and costs 
by using its proprietary state-of-the-art chemical genomics 
technology to match potential small molecules to disease targets. 
Reference compounds are then used to screen for potential 
pharmacological activity and toxicities, which enables informed 
decisions to be made at an earlier stage in drug discovery 
development. In this way “we can decrease attrition rates and 
increase success rates”, explains Lu. 

The company has completed phase lla clinical trials of its 
anti-diabetes drug chiglitazar on more than 240 diabetes 
patients and is about to enter Phase Ilb. Regarding safety, “so 
far so good”, he says, with no sign of the cardiovascular toxicity 
that has caused other agents in the same class to be withdrawn 


late in development. Upon successful completion of life-long 
toxicity studies in rodents, chiglitazar will be submitted for 
Phase Ill trials. If everything goes as planned, chiglitazar may 
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Shenzhen Chipscreen Biosciences Ltd. 


Chipscreen is partnered with Tsinghua University, one of the company’s largest shareholders and 
owners of the building housing its headquarters. 


be ready for product launch by 2010, according to Lu. 

Chipscreen also has a new anticancer drug, chidamide, 
which is looking safe and effective in an ongoing Phase | trial. 

“It is going extremely well, so last year we out-licensed the rights 
to chidamide, excluding use in China, to a US biotech company.” 

Developments in the pipeline include some exciting new 
molecules, including aseries of enzyme inhibitors with potential 
in oncology and in areas other than cancer. After further 
development, the most promising will be contracted out to 
Chinese clinical research organizations for drug trials. Another 
product in development is an interesting compound derived 
from traditional Chinese medicine that appears to protect the 
liver and has received market authorization approval. 


Chipscreen Director, 
President and Chief Scientific Officer, 
Lu Xianping. 


Shenzhen Chipscreen Biosciences Ltd. 

Suite C301, Research Institute of Tsinghua University, 
High-Tech Park, Nanshan District, Shenzhen 518057, P.R. China 
www.chipscreen.com 
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CIMIC 


With more than 1,000 products in 10 categories, China Inter- 
national Marine Containers Ltd. (CIMC) is the world’s largest 
manufacturer of shipping containers. 
Most of the products are used in marine and railway trans- 
portation, including containers, vehicles and tank equipment. 
The rapid growth of CIMC is a stellar example of how high-tech 
enterprises in Shenzhen are relying on technological innova- 
ion to add value to their traditional products. 

CIMC’s growth mirrors that of its home city, Shenzhen, 
which over the past 25 years has grown from a cheap mass- 


production centre for Hong Kong factory owners to become 


he booming modern heart of China’s high-technology sector. 
When the company was first established in Shenzhen in 


1980, the same year the city was designated a special economic 
zone, it was one of China’s first Sino-foreign joint ventures. 
At that time, CIMC had an annual production of just 10,000 
dry freight containers and was competing with about 20 sim- 
ilar companies in China. After listing on the Shenzhen Stock 
Exchange in 1994, CIMC expanded rapidly, building facilities 
at major ports along the China coast that gave it a competitive 


advantage over its rivals. CIMC has been the global leader in 
terms of volume since 1996. 

CIMC chose Shenzhen as a base for commercial reasons. The 
city’s status as China’s first special economic zone was impor- 
tant for imports and exports. 

“AS a logistics company, we have to span the globe, and Shen- 
zhen was the most convenient city in this regard,” says Liu Chun- 
feng, the general manager of the R&D management division. 

“When Shenzhen was first designated a special economic 
zone we had special tax breaks on exports, and exemptions for 
imports of raw material,” Liu explains. 

However, with China joining the World Trade Organization, 
he says that, in future, they will need to rely on the strength of 
their industry to compete. 

“After more than 20 years of development, Shenzhen has 
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CIMC has developed a system to track containers as they are transported around the world. 


China International Marine Containers (Group) Ltd. 


CIMC manufactures more than 1,000 products used in global transportation. 


come up to the standards of other international cities, so we are 
quite strong, especially compared with other cities in China.” 

In the area of staff recruitment, Liu says that, among talent- 
ed people in China, the flow is now relatively free. “If the con- 
ditions you offer are very good, then you will attract the best 
talent in China, for example graduates from Peking, Shanghai 
Xiatong and Tsinghua universities.” CIMC also hires interna- 
tionally for specialized skills. 

“For example, in the area of quality assurance, standards 
must be up to international levels and the talent in this field is 
from Europe or the USA,” says Liu. 

While most of CIMC’s products, such as tanks and vehi- 
cles, are traditional, the company has been developing a Smart 
and Security Container (SSC), which uses a computer system 
and radio-frequency identification to track containers as they 
move around the world. 

“A smart chip, including WiFi technology, can track the con- 
tainer throughout the whole transportation process,” explains Liu. 

“This will tell you the container’s contents and whether it has 
been tampered with illegally. The initial aim of the SSC was for 
anti-terrorism; however, we realized that it also needed to be 
profitable, so we linked it to the commercial and logistics side.” 

As well as marine containers, CIMC has an airport equipment 
division that manufactures automatic air cargo and logistics 
handling systems, automatic parking systems, and passenger 
boarding bridges. These are used at more than 70 airports 
worldwide and include the boarding bridge for the new Airbus 
A380, the world’s largest aircraft. “We are the first choice for 
most global transport businesses,” concludes Liu. 


China International Marine Containers Ltd. 
No.2 Gangwan Avenue, Shekou Industrial Zone, 
Shenzhen 518067, P.R. China 


www.cimc.com 


Zhang Luding, CIMC 
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Anidentity crisis. 


Marissa Lingen 


Humans have told my story for centuries: 
the artificial woman. Flowers, flesh or 
metal, my body fascinates. It is lush and 
unyielding, vibrant and sterile. 

No one thinks of making an ugly woman 
from scratch. We have too many of the old- 
fashioned kind, I suppose — but the same 
is true of men, and Frankenstein’s monster 
is no cover model. If I had been ugly, there 
would have been less trouble. But if I had 
been ugly, my maker would have taken out 
my bones and started again. 

My maker was always practical. 

In the stories, the creator made 
the artificial woman for himself. My 
maker dreamed bigger. 

“You'll change the world, he told 
me, when I was too young to really 
converse. “You'll make everything 
different” 

“How?” I asked. 

He squeezed my shoulder. “By 
being you.” 

I resolved to learn to be me quickly, 
to please my maker and to make 
things different. That sounded excit- 
ing. I was, as I said, very young then. 

The hardest thing, he told me, was 
making me fool animals. Dogs were 
the key. A politician without a dog 
was running a risk. It was an easy way 
to humanize them, the polls said. 

That sort of thing makes me 
laugh. 

He spent months training me — 
when to laugh, when to chuckle politely, 
when to smile with my whole face, when 
to merely peel my lips back. What a car- 
burettor is. The difference between a 
change purse and a dime bag. Real humans 
knew trillions of tiny details. I cultivated 
a reserved, sheltered personality for 
camouflage. 

My maker gave me doe-like eyes and a 
willowy frame to further this impression. 
He always thought of things like that. 

He managed to get an invitation to a 
congressman's fundraising barbecue, a 
man whod surely win his party’s presi- 
dential nomination. We went together, 
the scientist and his adopted daughter. 
I gave the congressman a special smile 
when we shook hands, and I did not put 
myself forward. I spent the evening listen- 
ing to his mother talk about azaleas. 

We were invited back for dinner. I wore 
black pearls, glowing against my bronze 
skin: traditional and modern. When some- 


one asked my ethnicity, I smiled shyly and 
said, “American, I guess,” just as I had been 
taught. 

The congressman’s smile reached his 
eyes. He found excuses to talk to me all 
evening. 

Soon we were engaged. I lived in an 
apartment nearby, far enough to preserve 
decorum, close enough that we could be 
together always. I went to his fundraisers, 
his town hall meetings, his intimate chats 
with moneyed friends. I learned to play 
cribbage with his father and to understand 


the racing cars his brother loved. I smiled 
shyly for the cameras when they caught us 
walking hand-in-hand down tree-lined 
lanes. 

I learned about trade deficits, disease- 
resistant crops, copyright protests and 
prison reform. 

In the stories, women like me say that 
they do not know how to love, and then 
someone comes along and teaches them. 
This did not happen. I did not fall in love 
with my congressman. 

Worse. I liked him. 

This made my maker’s plan to destroy 
him problematic. 

My kind were supposed to be jerky 
dolls, bits of plastic and metal. We were 
not supposed to be seamless blends. We 
were not supposed to fit into their fami- 
lies. We were not supposed to fit into their 
beds, not without shame and mockery. 
And there I was. 

I did not like being a time bomb. By the 
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time I found out, I wasn’t sure what I could 
do to stop it. 

One day a cyberneticist came to the 
congressman's office. He had won an 
award. The staff took photos — hometown 
boy, making nice. They liked each other, 
though I couldnt tell if the cyberneticist 
had voted for him. Usually I could tell that 
sort of thing. 

There was a bigger problem. 

The cyberneticist knew what I was. He 
began to invite himself to the congress- 
man’s fundraisers. He watched me in the 
garden, serving lemonade to the 
party functionaries. He kept an eye 
on meat the school event, reading to 
children. 

He knew. 

One day he cornered me. “Did you 
think I'd let this go?” 

“Let what go?” I said, feigning a 
pretty confusion. 

“Ifyou think I'll let you follow him 
into the White House to do — what- 
ever it is you want to do — you're 
wrong.” 

“I don’t know what you mean, I 
said. He shook his head in disgust. 

I sent a message through the path 
I'd been given, not untraceable but 
hard to trace. It said: “Someone 
knows. He will tell the press.” 

The reply came back: “Good? 

“T don't want this,” I wrote. 

The reply: “Follow the plan. All will 
be well? 

I destroyed it automatically — that 
was part of the plan — but angrily — which 
was not. How could he say all would be 
well? He had not got to know the congress- 
man. He knew his own politics. 

He did not know mine. 

I disappeared without a trace. No one 
ever knew who I was. No one ever knew 
who made me. 

The congressman announced his can- 
didacy that morning. He also announced 
a reward for any information leading to 
his fiancée. He intended to cooperate fully 
with the police in their investigation. 

Those words never bode well for an 
election. 

I went home to my maker and locked 
him in the basement. I feed him. Someday 
I will even let him out. When he’s ready to 
hear me. When I am not his property any 
more. When he can think clearly again. 

If that ever happens. a 
Marissa Lingen is a freelance writer living 
in Minnesota. 
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